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PREFACE 


This text is written for those whose professional interest is protection of the 
environment from pollution—environmental engineers and environmental 
scientists. Pollution control is a rapidly expanding area of interest, which is 
attracting persons with many different educational backgrounds, including 
civil engineering, chemical engineering, general biology, zoology, micro¬ 
biology, chemistry, and perhaps others. All of these areas of knowledge have 
something to contribute to the development of a relatively new discipline that 
we prefer to call bioenvironmental engineering. 

It is the present vogue to attempt to solve problems by the inter¬ 
disciplinary approach. It is our belief that environmental pollution is a 
problem of such magnitude and urgency that it demands workers trained 
specifically in the areas of knowledge that are directly applicable. What is 
needed is a new type of multidisciplinary individual rather than a team of 
narrowly trained experts. The field of pollution control needs persons who 
consider pollution control their profession rather than individuals who con¬ 
sider microbiology or civil engineering, for example, their profession but are 
willing to apply their training to problems that are peripheral to their major 
interest and expertise. Everyone who wishes to participate fully in the effort 
to control environmental pollution should possess a common core of know¬ 
ledge; that is a basic necessity for people who are to work together and 
communicate meaningfully with each other. 

This core of knowledge contains elements of microbiology, chemistry 
(including biochemistry), and engineering. Microbiology is important because 
microbial activity is, in some cases, the result of environmental pollution and, 
in other circumstances, the means by which pollution is prevented. One 
cannot hope to control microbial activity without an understanding of micro¬ 
bial physiology. Chemistry is important in two ways. One cannot understand 
microbial physiology without some knowledge of the biochemical processes 
that occur in the cell. Some knowledge of chemistry is also required if one is 
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to understand the problems involved in preventing pollution, since pollution 
may be defined, in most cases, as the addition of inorganic or organic 
chemicals in potentially harmful amounts to the environment. Finally, 
engineering is essential because engineers must design and plan the operation 
of the processes that remove pollutants from wastes that must be recycled to 
the environment. It is the engineer who will be held accountable for the 
success or failure of the pollution control strategy. Most processes (both 
natural and engineered) by which wastes are rendered harmless to the 
environment are, and probably will remain, dependent on microbial activity. 
Thus, the engineer designs processes that use microbes. The microbiologist 
contributes an understanding of the biochemistry of microbial activity, which 
allows these processes to be designed for optimum effectiveness. The chemist 
determines the nature of the pollutants and their fate. Biological scientists 
contribute their knowledge of the effects of environmental stress on 
organisms of all types, including humans. One could assemble a team com¬ 
posed of individuals expert in each of the areas described above. But if each 
of them was totally uninformed about the areas of expertise of all the others, 
meaningful communication would be impossible. 

We envision the effective workers in this field as trained as either 
environmental scientists or environmental engineers. The difference in the 
two is one of emphasis in training and in practice, and the two must be 
prepared to work together to accomplish their mutual goal. The environmental 
scientist has a background in the biological sciences (which implies training 
also in chemistry and biochemistry) or primarily in chemistry with some 
knowledge of biology, and is also informed about the engineered processes 
designed to protect the environment. The environmental engineer is trained in 
the usual engineering curriculum with its emphasis on mathematics and 
applied physics, but also must have a sufficiently broad and detailed know¬ 
ledge of certain aspects of biology, especially microbiology, and chemistry to 
facilitate intelligent design and operation of pollution control facilities and 
management of natural processes. 

In planning this text, it was our objective to make it as useful as possible 
to persons with varied backgrounds. It is needed most by engineers and is 
addressed to their needs in particular, but we have also attempted to make it 
useful to science students who wish to enter this applied field. With these 
aims in mind, we felt that the most logical approach would be to assume that 
the reader needs basic information in each of the areas important to the 
whole. We have attempted to provide this information in the most readily 
understandable form and to build upon it the combination of basic and applied 
microbiology that is essential to the environmental scientist and engineer. 

The first four chapters are designed to provide the basic information 
upon which the remainder of the text is built. Persons with backgrounds in 
biology, chemistry, or engineering will find parts of this material already 
familiar. Chemists and chemical engineers will find the chemistry in Chapter 3 
elementary. Microbiologists and other biological scientists already will have 
seen the material in Chapter 4. Most civil engineers will find that parts of 
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Chapters 1 and 2 describe processes with which they are familiar. However, 
all of these individuals should find new information covering areas outside 
their usual training and new applications of familiar information. Engineers, 
other than chemical engineers, usually have little chemistry and no biology in 
the prescribed curriculum. Chemical engineers normally have no training in 
biology. Biologists learn little about the engineered processes that protect the 
environment. Thus, the first four chapters are written to accomplish three 
objectives: 

1. To provide a background in unfamiliar areas for persons entering the field 
of pollution control. 

2. To relate basic knowledge to applications of which persons in each field 
may be unaware. 

3. To bring all readers to a point at which they possess the common 
background that will serve as a basis for understanding the material in 
Chapters 5 through 14. 

While we believe that microbiology is as basic to the study of environmental 
engineering as are the more traditional tools of engineering, mathematics, and 
physics, we feel that a textbook on microbiology aimed primarily at the 
environmental engineer should differ in several ways from the standard 
microbiology text written for students of microbiology or environmental 
microbiology. An engineer is, by training and practice, oriented toward the 
application of basic knowledge and is interested most in those facts that can 
be useful in professional practice. We have tried to present these facts in a 
format that will allow the engineer to relate principles to practical ap¬ 
plications. 

First, we have attempted to limit the topics covered to those that we 
consider essential to the quantitative expression and mechanistic understand¬ 
ing of the microbial activities that occur in natural environments or in processes 
engineered for the purpose of exerting useful control over the natural 
environment. Second, our approach is more process-oriented than species- 
oriented. Names of genera and species are introduced where their activities 
are discussed, since it is as necessary to use names for microbes as for any 
other material in discussing its properties. While it is true that any natural 
population is composed of individual microbial species, it is at times ad¬ 
vantageous to treat the entire heterogeneous population (the biomass ) as an 
engineering material, with properties that are definable and controllable within 
certain limits. In other circumstances, it is necessary to consider the ecologi¬ 
cal relationships between individual species or metabolic groups of micro¬ 
organisms. Both approaches are used, each where it is most appropriate or 
useful. Third, we have attempted to integrate the basic information directly 
with the appropriate environmental applications in each chapter rather than 
following the traditional format of presenting basic information followed by 
chapters covering various applications. 

Much of the material in this text has been tried out on the many students 
who have passed through our courses in the past two decades. We are 
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particularly grateful for their comments and suggestions while they were 
students and for their continued feedback as they progress through careers in 
environmental engineering or science. Their successful solving of pollution 
control and environmental management problems, using the practical micro¬ 
biological principles we have tried to impart, was a source of encouragement 
that helped us to keep burning the midnight oil while writing this text during 
the past three years. 

The help of our students goes beyond the encouragement and stimulation 
that good students provide for professors. It will become apparent to the 
reader that many of the figures used in this text are based upon experimental 
results which our graduate students have helped to obtain. In truth, these 
examples are a small sampling of the investigative efforts of student-professor 
research teams which have engaged in more than 300 person-years of profes¬ 
sional investigation into the microbiological aspects of environmental 
engineering in the past two decades. 

Specific acknowledgments are difficult to write because when we think of 
all those who should be acknowledged the list becomes endless. For their 
immediate contributions, we are grateful for the thorough review and criti¬ 
cism of this work by Dr. Ven Te Chow, University of Illinois, Dr. Linda 
Little, environmental biologist, and Dr. W. W. Umbreit, Rutgers University. 
Their thoughtful comments and suggestions were very valuable to us. Also 
special thanks are due to Drs. T. S. Manickam and Crosby Jones and to our 
graduate students, M. P. Reddy, Mike Hunt, and Brenda Mears for their help 
in assembling material used in this text. Our grateful appreciation goes to Mrs. 
Grayce Wynd, a friend of many years, for her expert typing of the manu¬ 
script and her helpful suggestions. Dr. D. F. Kincannon deserves special 
mention. His relationship with both of us, but especially with A. F. Gaudy, 
has progressed from that of professor and student to that of colleague and 
friend and we are grateful for his support and encouragement, not only during 
the writing of this text, but also through the many years of our association. 

The development of an investigative team requires more than the vital 
interest and effort of professor and students. There must be help and 
encouragement from administrators. We are very grateful for the help given 
us by Dr. Jan J. Tuma, former head of the School of Civil Engineering, and 
Dr. Lynn L. Gee, former head of the Department of Microbiology, Oklahoma 
State University. We appreciate the faith they showed in us early in our 
professional careers and their friendship through the years. 

Finally, we are grateful for the patience, encouragement and faith in us 
shown by our mothers and fathers throughout our lives and particularly 
during the last few years. Their loving interest and questions as to progress 
were delightfully reminiscent of their concern over our report cards many 
years ago. 


Anthony F. Gaudy, Jr. 
Elizabeth T. Gaudx 



CHAPTER 

_ ONE 

THE LIFE-SUPPORT SYSTEM 


Most books on microbiology begin with a statement about the importance of 
microbiology and its pivotal role in the basic and applied sciences. So, too. 
will this text, but the point need not be belabored because, as we discuss the 
life-support system in this chapter, the absolute necessity for the existence 
(and the control) of microorganisms will become apparent. 

Microbes, both the procaryotic, or nonnucleated. cell types such as 
bacteria and blue-green bacteria* and the eucaryotic, or nucleated, types such 
as protozoa, fungi, and algae, are found nearly everywhere in nature and 
therefore are a force in the environment. Anyone aspiring to gain an under¬ 
standing of the environment with an eye toward enhancing or controlling it 
must study microbiology. Just as an electrical, civil, or chemical engineer 
comes to know that learning to use mathematics and physics as tools of the 
profession is necessary in solving various problems or predicting various 
outcomes, i.e., in designing processes, so must the environmental engineer be 
aware that microbiology is equally necessary. In fact, another tool—chem¬ 
istry, and especially biochemistry, which is peculiar to living cells—is also 
required. In like manner, an aspiring environmental biologist must become 
aware that one needs the tools of chemistry, mathematics, and physics in 
order to understand and use microbiology in solving environmental problems. 

Microbiology is not the only area in the biological sciences that is 
important in environmental technology. However, microbiology permits one 


*The organisms previously classified as blue-green algae are now considered to be bacteria 
.uid are called blue-green bacteria or cyanobacteria. 
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to bring chemistry and biology together in the study of the smallest self- 
producing living unit, the cell. It is, therefore, a very basic and necessary tool 
which ranks with mathematics, physics, and chemistry. 


THE ENVIRONMENT—THE LIFE-SUPPORT SYSTEM 

Before discussing the role of microorganisms in the environment, it is 
necessary to lay down a ground rule about the meaning of the word environ¬ 
ment as used in this text. It is a word that implies as many different meanings 
to as many different people as does ecology. While there is a wide array of 
items that could justifiably be included under the environmental umbrella, the 
term environment, stripped of all rhetoric, simply means the life-support 
system. All other aspects of the environment are ancillary to the life-support 
system, which we can define as those items that are absolutely essential to the 
sustenance of aerobic life: water, air, and food. 

Like one type of microorganism to be studied in this text, humans can be 
considered aerobic organotrophs. Such microorganisms require organic food 
and oxygen for controlled combustion of organic foodstuff, and they must be 
bathed in an aqueous environment. The cells of the human body have the 
same requirements. This life-support system, food, air, and water, the protec¬ 
tion and control of which are the basis for the emerging profession of 
environmental technology, is maintained by two major natural cycles and 
accompanying mineral cycles. The two major cycles are the hydrologic cycle 
(water source) and the carbon-oxygen cycle (food and air source). Since the 
organic food source contains, in addition to carbon, some nitrogen, phos¬ 
phorus, sulfur, and other elements, the cyclic migrations of these elements in 
the biosphere (the sphere of living organisms) are also vital to the life-support 
system. These cycles, so important to the life of humans and microorganisms, 
are discussed briefly below along with some of the artificial subsystems that 
our species has inserted into nature. 

The Water Cycle 

Slightly more than 70 percent of human body weight is water, and water 
comprises approximately 80 percent of the weight of a microorganism. There 
is little wonder, then, that it is an essential ingredient in the life-support 
system. Water is delivered in an unending cycle of evaporation and conden¬ 
sation. This constant water supply has been reused for millions of years. It is 
well to examine this cycle, not only because it is vital to life, but also because 
it is responsible in large measure for moderating and maintaining the earth’s 
climate, thus providing our living space. Water is an excellent heat reservoir, 
and the earth is a gigantic solar still. 

Consider the simplified diagram of the hydrologic cycle shown in Fig. 1-1. 
Solar energy is absorbed into liquid water and causes it to vaporize. In the 
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Figure 1-1 The water cycle. 


diagram, the liquid bodies are designated as oceans and, while they form the 
major surfaces, there are, of course, others such as lakes, rivers, and ponds. 
Also, it must be realized that not all the water vapor is produced by 
evaporation from liquid surfaces. Transpiration (evaporative loss of water 
from macroscopic plants) accounts for some. Since the earth receives more 
direct sunlight in the equatorial region, this region absorbs more heat, so more 
water evaporates near the equator. This moisture-laden ring of heated air rises 
and diffuses toward the poles, and as it cools, the water vapor condenses and 
provides two environmental benefits. It precipitates to deliver a pure water 
supply, and it releases the heat absorbed during the vaporization process to 
warm the atmosphere. This phenomenon helps create the temperate zones in 
which much of the earth’s human population lives. 

Some of the precipitation seeps into the ground; some drains over the 
surface. Some of the water is used by plants and animals. Since the use of 
water by humans is essentially nonconsumptive, the water is generally 
returned to the surface water supply as waste-bearing “used” water. The 
waste materials, along with dissolved and suspended material eroded or 
leached from the earth, are carried to the oceans. There water is again purified 
by solar distillation. This purification and delivery process does not suffice for 
human needs because the water is used repeatedly in transit as surface and 
groundwater before it undergoes the physical purification process of 
evaporation. A number of biological processes intervene while the water is in 
transit; these can both purify and further contaminate the water. These 
processes involve the carbon-oxygen cycle, to be discussed subsequently. 
Also, we will see later that it is necessary to insert into this natural water 
supply-wastewater system some humanly devised technological subsystems. 
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These will also be described later, since they too involve microorganisms. 

The tremendous heat sink function of the hydrologic cycle can be ap¬ 
preciated when it is realized that approximately 5x 10 5 km 3 (120,000 mi 3 ) of 
water is evaporated from the land and oceans and subsequently falls as 
precipitation each year. For each pound of water evaporated, approximately 
600 cal/g (1000 Btu) is absorbed. This amounts to slightly less than 3 x 10 20 kg-cal 
per year. An idea of the magnitude of this energy transfer may be obtained by 
comparing it with the yearly energy consumption of the United States, which 
in 1974 amounted to nearly 2 x 10' 6 kg-cal. Thus, each year the hydrologic 
cycle alone distributes approximately 10,000 times the energy consumed in 
the United States. In fact, the amount of energy stored and distributed by the 
hydrologic cycle amounts to nearly a quarter of the energy beamed to the 
earth from the sun. The tremendous amount of water evaporated and con¬ 
densed in the water cycle is a minute fraction of the 1.5 x 10 9 km 3 of water 
estimated to be on earth. Approximately 97 percent of this water is liquid salt 
water in the oceans. Of the 3 percent fresh water, approximately 75 percent 
exists in solid form in the polar ice caps and in glaciers. At least 90 percent of 
the less than 1 percent remaining exists as groundwater, and the remainder as 
fresh surface water mainly in lakes and rivers. A minute fraction is the water 
vapor that stores, transports, and delivers heat and fresh water. About a 
quarter of the 5 x 10 5 km 3 of fresh water that is delivered falls on the land 
surfaces, where some of it can be used for human and plant life, as well as for 
the other uses to which this multipurpose resource is put. 

Thus far it can be seen that the hydrologic cycle is in the main a physical 
phenomenon. The following information will emphasize the biological role of 
water, in particular the role it plays in tying together the remainder of the 
life-support system. 

The Carbon-Oxygen Cycle 

The carbon-oxygen cycle provides the major portion of the remainder of 
the life-support system. Figure 1-2 is a very simplified representation of this 
cycle. It is seen that there are two divisions or “legs”—photosynthesis and 
aerobic decay. Photosynthesis is shown on top because, thermodynamically 
speaking, it is an “uphill” process. Inorganic compounds, carbon dioxide and 
water, are converted to a compound consisting of carbon and water, which 
appropriately is called carbohydrate. Although the diagram shows the fixation 
of only one carbon atom, the organic compounds synthesized contain more 
than one carbon, and these are linked in carbon-carbon bonds. This type of 
bond is a distinguishing characteristic of organic matter. Thus, in the energy- 
requiring (endergonic) reaction, organic matter is synthesized. In general, 
syntheses require energy. In this overall reaction, water has been split and 
oxygen has been produced as a by-product. It is this process that permits us 
to live, since the reaction is responsible for the oxygen in our atmosphere. 
The synthesis of organic matter is, of course, the photosynthetic phenomenon 
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that creates our food supply. The source of energy that drives this biochemi¬ 
cal process, the sun, also drives the physical process, the hydrologic cycle. 
How the sun’s energy is captured and stored in organic compounds and is 
subsequently used by microorganisms is one of the subjects to be dealt with 
later. 

The bottom leg of the cycle is labeled “aerobic decay.” Here, the organic 
foodstuff is oxidized. The endergonic reaction (synthesis) is reversed, and in 
the exergonic aerobic decay reaction, energy is released. Aerobic organo- 
trophs (such as humans) can perform this reaction, obtaining energy that can 
be used to synthesize organic body substances for growth and replication. 
Thus, solar energy flows through the living world, proceeding through pho¬ 
tosynthesis to decay, and water, the universal solvent, is in a way the “glue” 
that holds it all together. The human species is part of the decay cycle and has 
become a potent force in it. Many of the technological processes set into the 
natural decay cycle (e.g., wastewater treatment plants) are engineered sub¬ 
systems placed there for the purpose of providing localized control of it. 

The decay reaction occurs in numerous biochemical steps and through 
various ecological (food) chains. Consider two general food chains: the 
organic matter stored in plants through photosynthesis is used as food 
material by various plant-eating animals (herbivores), and some of it is subject 
to microbial decay. Some of the herbivores die and are subject to microbial 
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decay; some are eaten by small carnivores. Some of the carnivores die and 
are subject to microbial decay, and some are eaten by larger animals. This 
process continues. Thus, there are really two general types of food chains. In 
grazing food chains, plants and various animals continuously feed micro¬ 
organisms, by contributing waste products while living and body material 
when dead. In some chains of decay, the microorganisms are the sole decaying 
force. Both food chains are part of the decay leg of the carbon-oxygen cycle, 
which leads organic matter back to carbon dioxide and water. The only input 
into the system is solar energy, which is continually expended in driving the 
cycle. 

Water pollution control technologists are vitally concerned with the decay 
food chain, primarily because it can be overloaded easily due to localized 
exhaustion of the oxygen supply so that decay cannot proceed all the way to 
carbon dioxide and water. Various organic products are left, many of which 
are objectionable from the standpoint of health or aesthetics and may inter¬ 
fere with various other beneficial uses of water. In locations where such 
situations exist, due to natural (nearly always human) causes, the tech¬ 
nological aim is either to restore and control aerobiosis or to remove the 
organic matter to other locations, i.e„ to delocalize it. Ideally, efforts are 
made to try to use it for some worthwhile purpose. Although a consuming 
interest of technologists, this latter solution is extremely difficult to ac¬ 
complish in a world striving for an affluence that has as one of its outward 
signs the amount one can afford to waste. The point is that until wastes become 
absolutely needed as raw materials, the best approach appears to be to seek 
ways and means to control the aerobic decay leg of the carbon-oxygen cycle 
via wastewater treatment processes. 

Whether considering the grazing food chains or the food chains of 
microbial decay, the common biochemical phenomenon is the flow of energy, 
its use and dissipation. The energy stored in the organic material is released in 
oxidative reactions in which oxygen serves as the ultimate electron acceptor 
and is thus reduced to water. On average, no living cell completely oxidizes or 
respires the organic matter it assimilates. A sizable portion of the organic 
matter is used to form new cell substance. This synthesis requires energy, and 
the energy is supplied by oxidizing some of the organic food that has been 
consumed. As a rough rule of thumb for purposes of calculation, we may 
assume that about 50 percent of the organic carbon assimilated by aerobic 
decay microorganisms is used to build new organic body substance. In order 
to obtain the energy to perform this synthesis, the remaining 50 percent is 
oxidized to carbon dioxide and water. Thus, in the decay food chain, if a gram 
of organic matter were used successively as a carbon and energy source by 
half a dozen different species of microorganisms, nearly 99 percent of that 
organic matter would be totally oxidized to carbon dioxide and water and thus 
recycled in the carbon-oxygen cycle. 

In geological terms, this continuous turnover of carbon and oxygen is 
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rapid. It has been estimated that the carbon dioxide respired by plants and 
animals has an atmospheric residence time of 300 years. The oxygen that 
enters the atmosphere is recycled in about 2000 years. All the earth’s water is 
split and reconstituted every 2 million years. 

Carbon dioxide is converted to organic matter in two large-scale bioreac¬ 
tors, the land areas and the oceans. It has been estimated that approximately 
as much carbon is photosynthesized by land vegetation as is fixed by the 
phytoplankton in the oceans. This may amount to about 40 billion tons per 
year in each sphere. In the ocean, the biological photoreduction of carbon in 
photosynthesis is nearly balanced by its use as an organic carbon source and 
its subsequent decay to carbon dioxide and water, making the oceanic carbon 
cycle self-contained; that is, there is little or no net yearly productivity. The 
phytoplankton fix the carbon dioxide and enter into oceanic food chains; the 
major portion of this biomass consists of microorganisms. Some of these die 
and, for the most part, become dissolved organic matter, thus serving as a 
carbon source for other microorganisms. A very small fraction reaches the 
ocean floor as particulate organic matter and may eventually add to the supply 
of organic fossil deposits. 

Organic matter photosynthesized on land is also recirculated to the 
atmosphere through the respiration process. Of the 40 billion tons of carbon 
fixed by land vegetation each year, approximately 25 percent is rapidly 
returned to the atmosphere as carbon dioxide due to the respiration of the 
plants that fixed the carbon. Thus, there is an annual net productivity of 
approximately 30 billion tons. The forests are the major photosynthesizers 
and account for approximately half of the net yield. To keep the land carbon 
cycle in balance, approximately 30 billion tons of carbon is converted to 
carbon dioxide through decay in the soil. Considering the entire carbon cycle, 
i.e., that of the oceans, wherein essentially all decay is due to micro¬ 
organisms, and that on the land, where 75 percent is due to microorganisms, 
nearly 90 percent of the decay leg of the carbon cycle is driven by organo¬ 
trophic microorganisms; most of these are aerobic. The 30 billion or so tons 
of organic carbon converted to carbon dioxide yearly by respiration of soil 
microorganisms is taken from the land “pool” of dead organic matter that is 
increased each year by the death of some of the living biomass. 

On the land surfaces, essentially all of the carbon dioxide transferred 
across the land-atmosphere interface is due to biological activity (photosyn¬ 
thesis and respiration). However, in the oceans, carbon dioxide is transferred 
physically across the liquid-atmosphere interface. It has been estimated that 
approximately 100 billion tons of carbon dioxide is dissolved in the oceans 
from the atmosphere and very nearly the same amount is transferred from the 
oceans to the atmosphere. Oxygen is also subject to such transfer. 

Thus, carbon and oxygen (as well as water) are in continuous circulation 
and use in the life-support system, and microorganisms have a major role in 
this cyclic process. 
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Cycling of Elements Other Than Carbon, Hydrogen, and Oxygen 

Although the carbon-oxygen cycle produces the atmosphere and organic 
matter vital to the human species, it is well known that organic matter 
contains elements other than carbon, hydrogen, and oxygen. To be sure, they 
are the most prevalent atoms in organic material, but considerable amounts of 
nitrogen, sulfur, and phosphorus are found in living and dead organic matter, 
along with significant amounts of iron, magnesium, calcium, and potassium, as 
well as trace amounts of such elements as boron, copper, cobalt, manganese, 
zinc, and molybdenum. 

Nitrogen cycle Next to carbon and oxygen, nitrogen is by weight the most 
abundant element in organic matter. It is contained in amino acids, which 
make up protein , one of the major classes of organic material. It is also found 
in a vital class of compounds called nucleic acids , which are responsible for 
the reproduction and differentiation of species, and in nucleotides, which are 
vital to the control of metabolism and the flow of chemical energy through 
living systems. 

Nitrogen is abundant in the atmosphere (79 percent) in molecular form, 
N 2 . Molecular nitrogen has the useful property of being able to be oxidized or 
reduced to a rather wide number of oxidation levels. Nitrogen can exist at 
valences of -3 to +5. For example, from the zero state as N 2 , it can lose as 
many as five electrons (i.e., be oxidized to a valence of +5) and exist as 
nitrate ion, NOj; or it can gain three electrons and exist in the reduced state 
as ammonia, NH 3 , or ammonium ion, NHT This useful property permits 
nitrogen to be a source of inorganic chemical energy in its reduced form; 
ammonia nitrogen can be oxidized by certain microorganisms and the energy 
thus released can be trapped and used for growth. On the other hand, in 
oxidized form, for example, as N0 3 , the nitrogen can serve as an electron 
acceptor (i.e., an oxidizing agent) for certain microorganisms and thus itself 
be reduced. Both of these microbial processes have a significant effect on the 
life-support system. 

Figure 1-3 is a simplified diagram of the cyclic changes that nitrogen 
undergoes in the biosphere. Nitrogen fixation refers to the reduction of 
nitrogen from N 2 to the ammonia level, NH 3 . This reduction takes place by 
three processes. First, a relatively small amount of atmospheric nitrogen is 
fixed by lightning and cosmic radiation. Second, an ever-increasing amount is 
fixed by industrial processing, which is largely responsible for the great 
increase in agricultural productivity in the latter half of this century. Third, 
nitrogen is fixed biologically by microorganisms. Microbial fixation is ac¬ 
complished by two general types of organisms; those that fix nitrogen when 
they live in symbiotic association with higher plants, e.g., legumes such as 
soybeans, peas, and clover, and those that are “free living.” The latter include 
many blue-green bacteria and several other types of bacteria. 

Nitrogen at the ammonia (NH 3 ) or amino (-NH 2 ) level can be assimilated 
biologically into organic matter. The assimilation of ammonia into organic 
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Figure 1-3 The nitrogen cycle. 


matter represents neither a reduction nor an oxidation; when nitrogen is 
assimilated into organic matter, it retains its valence of -3. Decay of organic 
matter replenishes the pool of inorganic nitrogen; this process may be called 
mineralization. 

Ammonia can be converted to nitrites and nitrates by aerobic autotrophic 
microorganisms such as the genera Nitrosomonas (NHj-^NOi) and Nitro- 
bacter (NCK^NOl). The process has been called nitrification. The cycle is 
completed by microorganisms that can reduce nitrates and nitrites to N ; 
( denitrification ). 

It is important to note the dotted arrows showing the reduction of nitrate 
to ammonia. Not all of the oxidized nitrogen is recycled through N 2 . A large 
portion of the microbial nitrification that takes place in the soil provides 
nitrates and nitrites that are taken up by higher plants and assimilated 
(through the ammonia stage) into organic plant substance. Many lower plants, 
i.e., microorganisms, also can use nitrates and nitrites as a source of nitrogen 
in the synthesis of organic matter. 

Of all the cycles thus far mentioned, the human species has contributed 
most to the nitrogen cycle through the production of commercial fertilizers in 
the worldwide effort to provide protein-rich food. At present, nearly the same 
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amount of nitrogen is fixed commercially as is fixed biologically, and com¬ 
mercial fixation is growing as fertilizer production increases to increase food 
production. Some might call this unnatural fixation, but from a naturalist’s 
point of view, it is surely within the scope of “nature,” since it is brought 
about by a naturally occurring species. However, the human species is 
capable of intellectual activity, and one thought for it to ponder is whether the 
cycle shown in Fig. 1-3 can be maintained in balance. It is not known whether 
the denitrification process can keep pace with fixation in view of the massive 
contributions now being made by humans, who may in a few short years 
become the life-support system’s most potent nitrogen fixers. Thus, the 
inventory of nitrogen in organic and mineralized form can be expected to 
increase in land and water masses. In regard to bodies of water, such 
enhancement of the aqueous environment (or fertilization of it) with one of 
the major constituents needed for plant life can cause excessive plant growth, 
choking the water body with plants, i.e., “eutrophying” it, and sharply 
decreasing the water supply. Eventually, water masses are converted to land 
masses through this process. These are extremely important considerations in 
efforts to gain technological control of the life-support system. Clearly, 
increased human fixation of nitrogen is a means of technological control of 
the food supply. However, this technological approach can endanger another 
part of the life-support system, the water supply. Solutions lie in tech¬ 
nological-political decisions that force one to view and attack the problem 
from all possible directions, some of which may seem radical. For example, 
the needed food supply can be reduced by population control; denitrification 
can be enhanced by engineered subsystems placed in the decay leg of the 
carbon cycle, and food production could be conducted in a more contained 
manner so that less runoff occurs. All such approaches are of professional 
concern in the practice of environmental engineering science. 

Sulfur cycle Sulfur, like nitrogen, forms a vital part of protein and thus of 
living cells. It occurs in three amino acids, and one, two, or all three are 
components of specific proteins. The function of sulfur in protein is often 
related to the spatial configuration of molecules, and this determines the 
reaction potential of the protein in a biological system. This important aspect 
of the nature of organic matter will be discussed in more detail in subsequent 
chapters. For now it is sufficient to emphasize that the carbon cycle, which 
has been cited as the source of organic matter, i.e., the food supply, does not 
really tell the full story. The world food supply is usually considered in 
relation to the amount of usable protein, and there is no known protein that 
does not contain nitrogen in addition to carbon, hydrogen, and oxygen, and 
probably few that do not contain sulfur. 

Like the other four elements, sulfur cycles throughout all three parts of 
the biosphere, land (lithosphere), water (hydrosphere), and air (atmosphere), 
because it too exists in gaseous as well as soluble form. As with the elements 
of the carbon-oxygen and nitrogen cycles, the sulfur cycle is driven by 
microbial activities. 
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Figure 1-4 The sulfur cycle. 


Figure 1-4 is a diagram of the sulfur cycle. As with carbon the in¬ 
corporation of sulfur into organic matter requires an energy input; it is 
endergonic. Sulfur in SO 4 ' at a valence of +6 takes on eight electrons and is 
reduced to a valence of -2 at the sulfide level. This overall reaction is carried 
out by plants and microorganisms in the synthesis of sulfur-containing amino 
acids. 

Sulfate is also reduced to hydrogen sulfide, H 2 S, by sulfate-reducing 
bacteria that use SO 4 ' as a respiratory oxidant (see top curve labeled 
“anaerobic respiration”) just as denitrifying organisms use nitrites and 
nitrates as an oxidant. Thus, sulfate as well as nitrates can be used as a final 
electron acceptor instead of oxygen. However, the sulfate reducers, unlike 
the denitrifiers, can use only sulfate. They are strict anaerobes, and oxygen is 
toxic to them. The denitrifiers use nitrites and nitrates only when there is no 
oxygen available. They are facultative organisms; they prefer an aerobic 
environment, but they can use bound oxygen in nitrites and nitrates under 
anaerobic conditions. Sulfate reduction and nitrate reduction are carried out 
by entirely different types of microorganisms. Both aerobic decay of organic 
matter and anaerobic respiration can contribute to the supply of H 2 S. 

Sulfide is oxidized to the sulfur and sulfate levels by three means—two 
biological and one chemical. Under anaerobic conditions, photosynthetic 
sulfur bacteria split H 2 S in a way somewhat similar to that in which the algae 
and plants split H 2 0 (see Chaps. 7 and 8 ). The product of bacterial photosyn- 
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thesis is elemental sulfur rather than molecular oxygen. Other bacteria in 
aerobic environments can use reduced sulfur as an inorganic source of 
chemical energy for growth, and in the process they oxidize it to sulfate. 
Thus. H:S is biochemically oxidized in a manner analogous to the oxidation of 
ammonia. NH 3 , by the nitrifying organisms. It is important to note that H ; S, 
unlike NHj, can be chemically oxidized by molecular oxygen. 

These oxidative processes remove HUS and return it to the sulfate form in 
which it may be assimilated by microbial and plant life. It is the volatility of 
H : S coupled with its relatively easy oxidation by molecular oxygen that 
facilitate the cycling of sulfur in the life-support system. These characteristics 
permit sulfur to be returned to the land through the operation of the hydro- 
logic cycle; otherwise, one would expect that sulfur would build up con¬ 
tinuously in the oceans. Ideally, recycling involves an interchange between 
all phases of the biosphere, land, oceans, and atmosphere. This occurs with 
carbon, hydrogen, oxygen, and nitrogen (e.g., CCb, CH 4 , 0 2 , N : , NH 3 , HT)) 
because all can exist in gaseous forms and can be transported from the sea 
through the atmosphere to the land. The same possibility exists for sulfur; 
H : S and SCT are gases. Sulfate-reducing organisms in the ocean make H 2 S, 
which can escape to the atmosphere where it can react with oxygen and be 
oxidized to SO : . Upon absorption of the SO : in water vapor and conversion to 
S0 4 ~, it falls to the earth in rainwater, whereupon it is available to plant life. 

The nitrogen and sulfur cycles are as fundamental to the making of useful 
organic matter as is the carbon-oxygen cycle. All three are truly necessary to 
the life-support system, and they are tightly coupled to the hydrologic cycle 
and dependent on it. Water is not only a global air-conditioner and the 
medium that permits biological reactions to take place, but it also is the 
all-purpose solvent as well as the transport system for the elements compris¬ 
ing living matter. 

Phosphorus and other elements Consideration of the life-support system is in¬ 
complete without the inclusion of some other elements because they, too, 
form a part of organic matter. Of these, phosphorus is worthy of special 
attention because it is required in significant amounts in the synthesis and 
decay of organic matter. Phosphorus in organic compounds has two major 
functions vital to life. It is involved in the capture and transfer of chemical 
energy, and it is an essential structural element in nucleic acids. The phos¬ 
phorus involved in intracellular transformations of energy is highly recyclable 
within the cellular biomass, but some of the phosphorus incorporated in 
nucleic acids requires the decay of organic matter in order to be recycled. 
Some phosphorus in the leafy material of plants and trees is in the form of 
phytic acids, which decay very slowly. 

The interactions of phosphorus in the biosphere are so essential to life 
that they are often discussed in terms of a phosphorus cycle, although 
phosphorus does not cycle in the sense that the aforementioned elements do. 
Unlike the other elements—carbon, hydrogen, oxygen, nitrogen, and sulfur— 
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phosphorus does not cycle with the direct aid of the hydrologic cycle. There 
are no volatile compounds containing phosphorus that occur commonly in 
nature, and the uplifting, dissolving power of the hydrologic cycle cannot 
assist phosphorus washed from the land into the sea to return to the land. 
However, living organisms in the biosphere return phosphorus from the water 
to the earth, and were it not for this limited recycling, the oceans would 
become an increasing sink for phosphorus. Phosphorus, or any other soluble 
but nonvolatile element of use in living matter, can be recycled due to its 
uptake by growing cells and its subsequent release and dissolution in water 
upon their death and decay, i.e., upon mineralization. It is important to realize 
that phosphorus is an extremely scarce element. In addition, it is not very 
soluble in water except under acid conditions. Since in general, the supply 
of phosphorus limits plant growth, phosphorus is an important component of 
most fertilizer mixes. Since phosphorus cannot return to the land naturally 
through the hydrologic cycle, it has literally been “rained” on the land artificially. 
Thus, the human species, in seeking to sustain its life-support system tech¬ 
nologically, has become another “natural” link between the ocean and the land. 
In some instances, due to rapid runoff and overabundant applications of 
phosphorus, the phosphorus does not remain on the land but collects in bodies of 
water where its increasing abundance fosters the growth of plant life. When the 
body of water is used, as most are, as either a conduit or a repository for wasted 
organic and inorganic material of municipal or industrial origin, phosphorus may 
be no longer the limiting nutrient in the body of water. Other more abundant 
elements, e.g., nitrogen, may become the limiting nutrient and plant growth may 
become excessive; then the eutrophication process proceeds at an accelerated 
pace. 

Some of the other elements needed by living organic matter may be 
cycled in the biosphere in the same way as is phosphorus. In some cases, a 
particular element may be more prevalent in the biosphere than is phos¬ 
phorus, so its supply is less critical; some may not be as universally needed 
by living organisms as is phosphorus. Although information on other in¬ 
organic constituents is scarce, it seems reasonable that they are leached from 
the earth by the action of water and incorporated as needed into organic 
matter during the growth process. Through decay of dead organic matter, 
mineralization occurs and permits these elements to be cycled back to organic 
matter. 


ASSIMILATIVE CAPACITY 

In general, if decay takes place in pace with the ability of the immediate 
environment to cope with the organic load placed upon it, so that the products 
are dissipated into either the atmosphere or the hydrosphere, the decay 
process proceeds in accordance with the natural scheme of purification and 
recycling. The decay process is said not to have exceeded the assimilative 
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capacity of the decay leg of the carbon cycle in that immediate environment 
or ecosystem. The term assimilative capacity is one that the environmental 
scientist ought to use with some caution, since it must be defined for each 
situation. The term has been used for many years by environmental engineers 
to refer to the amount of organic matter that can be assimilated in a body of 
water without causing the amount of dissolved oxygen to fall to a level that is 
harmful to cold-water fish (or, in general, to the higher quality game fish in the 
particular locale under study). However, the term is applied equally with 
regard to matter other than organic material, and the proper marker for 
measuring the stress on the assimilative capacity may not be chemical 
(dissolved oxygen), but rather biological, for example, a change in the dis¬ 
tribution of species and diversity of the aquatic population. Some individuals 
have a tendency to discount the latter aspect because they feel that a change 
in species distribution is not a stress marker closely enough related to the 
human species. Others feel it is the most important measure of assimilative 
capacity because of their interest in the other species. Both attitudes need to 
be brought closer to a more central view, and such is the attitude of most 
modern professionals in the environmental control field. One does not need to 
think of ecological parameters of assimilative capacity because of any “in 
tune with nature” interest in other species, but they surely can be used as an 
early warning system to indicate when there has been some change from the 
previous conditions that might portend danger to the human species. Both 
approaches are best used together since they complement each other. It 
should be pointed out that the use of both approaches for determination and 
continuing assessment of the assimilative capacity of the natural ecosystem 
involves a massive undertaking on a national and international scale and will 
require a veritable army of workers exercising considerable expertise. 

Generally, but not always, it is organic matter scrubbed or leached into 
the hydrosphere that is the material of interest in assessing the assimilative 
capacity of the localized natural reactor in which the decay process is 
proceeding. The capacity of this natural reactor is exceeded when the 
replenishment of the dissolved oxygen (DO) supply cannot keep pace with the 
biological respiratory requirement. In such cases, the use of scientific data in 
making technological and political decisions has generally dictated that some¬ 
thing be done to alleviate the stress through technological control of the 
natural purification process. Thus, in a very significant way, human in¬ 
tellectual power is manifested in technological processes and devices, which 
are inserted into the decay leg of the carbon cycle and become a part of the 
natural life-support system. In the same manner, chemicals and machines are 
used on land to control another part of the life-support system, the food 
supply. The technological processes used in enhancing the natural purification 
process may be of a physical, chemical, biological, or combined nature. 

We have married technology and politics in attempts to control pollution. 
The implication is that society has made a decision (passed laws) to use 
technology to deal with the pollution brought about largely by the ever- 
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growing size of the society and its insatiable demand for technological 
produce. Perhaps more than any other technological profession, environ¬ 
mental science and engineering are tightly coupled to sociological needs and 
aspirations. Before proceeding with further aspects of science and engineer¬ 
ing in the following chapters, it is important to give some consideration to the 
sociotechnological problems faced by the professional who seeks to protect 
and improve the environment for the benefit of society. 


SOCIOTECHNOLOGICAL ASPECTS 

Although some powerful, eloquent, and rather persuasive voices have 
attempted to arouse antagonism toward technology as a cause of environ¬ 
mental degradation, most people who think about it eventually come to realize 
that the general level of existence of the human race has been enhanced 
through technology, i.e., the attainment and application of scientific know¬ 
ledge. To be sure, the farmer whose “bottom land” may have been per¬ 
manently flooded in order to make a reservoir that provides electricity and 
protection against downstream floods may have valid cause to complain, but 
the good done for a larger number of individuals may grossly outweigh the 
harm done to the few. Thus, on average, that particular item of environmental 
technology benefited the public. On the other hand, time may show the 
project was ill-advised (because of ignorance and little or no technological 
planning); for example, the reservoir may fill with sediment. 

Other examples, of course, could be cited, but one can see that even this 
simple example opens up a “can of worms” in relation to the environment. It 
surely demonstrates some of the sociotechnological facts of life. Environ¬ 
mental control projects affect a wide array of people, not all of whom may 
benefit directly; they involve human rights, individual rights, and collective 
rights. Thus, there are legal aspects to be considered. These projects involve 
considerable expenditures of funds, usually those derived from the public 
through taxes. The decisions regarding such technological insertions into the 
life-support system as dams and treatment plants are by and large made by a 
vote of the people, or in legislatures by pressure of the vote of the people. In 
a democracy, the decision adopted may be unpopular by a near majority (49.9 
percent) of the individuals involved in the decision. Unfortunately, the 
decisions regarding these technological matters are often made by people with 
little or no technological knowledge. 

Decisions about projects for environmental control, such as the reservoir 
in the example cited, are not easily reversed. Also, some time is required 
before the wisdom of the project, or the lack of it, can be assessed. Often, 
those who made the decision or benefited by the completion of the project 
have moved on to other fields by then. And in the example cited, they literally 
but unintentionally may have buried their mistake; they are seldom called to 
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account because the passage of time has provided a new public and a diluted 
memory of the mistake. 

Professionalism—Ethics and Accountability 

Stated above are some of the reasons why it is essential for environ¬ 
mental professionals to be actively concerned about the social ramifications 
of their actions. Without their active participation in the deliberations of 
society, they may be good environmental technicians but never professional 
environmental technologists. The environmental professional must be in¬ 
volved at the forefront in the decision-making process rather than being 
simply one who effectuates a decision through technology. This concept is 
sometimes embraced with difficulty by people in the engineering disciplines. It 
was not long ago that engineers were imbued with the attitude that good 
ethics demanded that they remain aloof from the political sphere. Society 
determined what it wanted, and the technologists did their best to provide 
what society demanded. This attitude prevailed in other areas as well; the 
customer was always right. Such an attitude may be acceptable in serving the 
customer who really needs a 9D but insists on a 6AAA shoe. The environ¬ 
mental stress imparted by this strict adherence to the customer’s individual 
right of choice is a localized one involving only that particular, unwise 
individual. This localization does not apply, however, to the individual 
decisions and attitudes that affect the environment of a wide array of people. 
It surely cannot apply to technological decisions about the environment. 
Thus, by dint of the special expertise and knowledge one may possess in 
environmental technology, the professional must operate on the thesis that 
the public or client is not always right. However, environmental professionals 
cannot make decisions for the public; they must function ethically as a part of 
it, presenting information in the form of public education so that environ¬ 
mental matters that require public decisions regarding technological activities 
can be made from a knowledgeable posture. 

Under the new ethics of responsible social involvement, there will surely 
be times when the environmental professional’s objectivity results in a 
position on one side of a sociotechnological argument, while the financial 
interest of the client or employer iies on the other side. Being able to function 
with technological and moral effectiveness in such dilemmas demands a new 
breed of professionals in any field but is especially important in that field 
dealing with the life-support system. This field has no parallels from which to 
draw examples of exemplary behavior, yet the moral behavior and actions 
needed here are common to many fields. 

There is a common need for all to accept responsibility for their actions. 
This is especially true of people who possess special knowledge, since if they 
speak out on technical matters, they willingly or unwillingly lead or affect the 
thinking of the public who makes the sociotechnological decisions. Since in a 
democracy the responsibility for decisions is shared by the majority who 
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makes the decision, it is easy for those who played the major role in bringing 
about the decision to shake off their responsibility and accountability. The 
ethical code demanded is not really comparable to those in medicine and law, 
since the theater of operation of these fields is different. In medicine, the 
doctor-patient relationship is a very individual and personalized one except 
for the area of public health, which is decidedly oriented in the direction of 
environmental control. In the practice of law, the lawyer-client relationship is 
somewhat less acutely personal than in medicine, but the question is of law 
and not morals or ethics. One can defend an attitude that holds that the 
primary responsibility of the lawyer is to put the best possible light on the 
client. The idea is to win the case, i.e., to defend the client’s viewpoint using 
the laws of the land. The moralistic justice of the matter is decided by third 
parties (juries and/or judges) selected in a democratic manner on the basis of 
their specific qualifications to participate in the judgment-making process (at 
least this is the supposition). Lawyers are by the nature of their profession 
advocates of their clients. Environmental professionals are not necessarily 
advocates of their clients, and although their management of the life-support 
system involves a life-or-death situation, the relationship is not an individual 
one, nor is it as immediate in time as it is in medicine. Thus, it requires the 
weighing of much information and much thought, because the life-support 
system of the individual client is shared with others, and the questions of 
accountability and justice fall on the shoulders of the responsible technologist 
rather than on third parties. 

The question of accountability can be handled more easily than can that 
of determining what may be just. It may require extra social energies and 
costs, but accountability can be written into any contract. For example, 
groups of engineers and environmental planners who design various processes 
and systems may in the future also be required to operate the facility 
throughout its designed life, thus being accountable for a complete environ¬ 
mental service. This could lead to better, more complete design services and 
surely, in the case of the design of biological waste treatment processes, to 
the study of microbiology, which accounts for their functional success or 
failure. 

The question as to what is just in regard to technological environmental 
control is a more difficult one. One may give a simplified answer by saying 
justice lies in the laws that the people pass or cause to have passed. In a 
sense, this is a fair way to look at it, recognizing that the system of 
democracy, while often declared imperfect, does accord to each individual 
certain rights and powers that are equal to those of every other individual. 
The majority rules, and in the United States the people elect legislators to 
make laws and executives to execute them; judges are appointed to consider 
their compatibility with prior laws and the Constitution. If a majority of the 
people disagree with what is done, the individuals are not reelected, and if 
necessary, the Constitution may be amended. Thus, what is just can be said to 
be what the majority decides is just and holds to be the law of the land. The 
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power resides in the people, and the assumption is that therein lies knowledge 
and wisdom. Early fears that the latter is not necessarily true encouraged the 
propagation of broad-based public and private educational institutions at all 
levels of study. The system cannot work unless the chances for the people to 
make unwise decisions because of lack of knowledge are diminished through 
the educational process. Hence, the justice of a decision is related to know¬ 
ledge of the subject, and it should be clear that the future sociological and 
political well-being of this and other nations is wedded to scientific and 
technological knowledge. Political decisions with regard to food, air, water, 
and energy are obviously tied to science and technology. Since the know¬ 
ledgeable practitioners of this technology represent a very small minority, 
they must share their expertise with the public and, in doing so, must exercise 
moral responsibility because many citizens will have to accept or reject the 
conclusions and recommendations of the professionals on faith in their 
expertise and moral purposes. These are checked in the long run by holding 
the professionals strictly accountable for their advice and recommendations. 

Public Law 92-500 

As one example of the sociotechnological arena in which the environ¬ 
mental professional performs, one may examine Pub. L. 92-500, its role in the 
decay leg of the carbon-oxygen cycle, and the wisdom and justice of this law. 
The law deals with the abatement of water pollution. In general, the law is a 
good one because it fosters more planning and thought regarding environ¬ 
mental control and design of the technological means to achieve it. In the long 
run, it should lead to greater accountability on the part of environmental 
professionals. By this law, the public has recognized the essential function of 
technology in the life-support system, because the law mandates the use of 
various technological subsystems to be discussed in the next chapter. In 
accordance with the law, wastewater treatment is mandatory, and the stated 
national goal is for no polluting discharge in the next decade. By public 
mandate, technological control and enhancement of the environment become 
part and parcel of the natural environment, just as technological enhancement 
of the food supply has become more and more a part of “nature.” Some 
scientists, technologists, and other individuals, however, call for an examina¬ 
tion of the wisdom and justice of pouring billions of dollars into the con¬ 
struction of wastewater treatment facilities, while the money possibly could 
be spent for freer distribution of food, which is equally as vital as water, or 
education and research, which are vital to the existence of the nation. 

On a technological as well as moral level, the law and its amendments 
demonstrate the general social tendency, after years of abuses and failure to 
control water pollution, to overreact to environmental problems. There does 
not appear to be any reasonable hope of attaining zero discharge by the 1980s. 
Indeed, this goal is probably as unnecessary as it is unattainable. Undeniably, 
it is possible to produce pure water from sewage. However, the strain on 
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society, measured in energy, service, and capital, is so great as to place in 
serious jeopardy the human benefits the law was intended to safeguard. The 
law as now constituted is somewhat reminiscent of the couple who expended 
all of their resources on health insurance only to die of starvation. It seems 
apparent that the ultimate goals of the law will be attenuated through 
legislative channels or through reasonable looseness in enforcement policy 
(the former is, of course, to be preferred). While it is necessary to incorporate 
technology into the natural life-support system, it is not desirable to strangle 
the society whose life-support system is being “protected” by untimely or 
unreasonable technological restraints. 

A far more reasonable approach and one consistent with the law’s 
dependence on science and technology is to use sound technological 
management of the receiving streams as well as on-line and possibly in-line 
treatment processes, with the aim of keeping the decay leg of the carbon- 
oxygen cycle in reasonable balance with the photosynthetic leg and the other 
natural environmental cycles that have been described. This will require a 
high degree of wastewater treatment but hardly such an absolute as zero 
discharge of pollutants. Even such a chore as policing the law for nonpoint 
and agricultural sources seems impossible to accomplish. With people occu¬ 
pying more and more space and engaging in more and more activities, the 
difference between natural runoff and human-produced pollution becomes a 
nebulous distinction. 

Who Pays for Environmental Control? 

Previous mention was made of the billions of dollars needed for the 
construction of sewers and treatment plants. Vast sums of additional monies 
will be needed after the initial burst of construction is accomplished for 
•corrective add-ons, operation, monitoring, and enforcement of the law. 
Therefore, one vital sociotechnological concern is the question of who pays 
for it all. Since the law applies to all, it is reasonable that the financial burden 
be borne by all. However, much of the population cannot adequately provide 
for its food supply, and it is quite incapable of complying with such a general 
requirement for wastewater treatment. Realization of this fact has led to 
social cost sharing, that is, contribution to the costs of the construction of 
treatment facilities through the distribution of federal tax monies. One could 
argue that there is equity in this because a good deal of the pollution as well 
as the tax monies arise from human activities that engender an affluence 
generally responsible for bringing about the concern over water pollution. 
Thus, some of the tax monies are returned to the polluters to allow them to 
install remedial technology. On the whole, these people have indeed given up 
some of the right of self-decision regarding how they expend their affluence, 
but on the other hand, some of their taxes are rebated for an essential 
purpose. And the social benefit is shared by the less affluent who also use the 
facility and contribute less to the general tax fund. Social scientists may wish 
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to examine the advisability of providing the same sharing to other aspects of 
the life-support system, such as the food supply or important items of the 
life-style system, such as housing, medical care, educational opportunity, and 
equality of legal representation. Under Pub. L. 92-500, up to 75 percent of the 
initial cost of municipal wastewater treatment may be provided by federal 
taxes. Such a large proportion is, in general, not available in the other social 
services encouraged by the federal government. In planning for pollution 
control expenditures, it is necessary to consider the ramifications and impacts 
on other environmental service areas. 

A large portion of the aqueous waste produced annually arises from 
private industrial activity. Most of the cost for pollution abatement from such 
sources is passed on in a form of user taxes to the consumer, for example, the 
higher price of the commodity whose manufacture caused the pollutional 
discharge, or an owner’s tax in the form of less return on capital. One can 
reason that it is ethical to strike a balance between the two. In the long run, 
one may expect general social concern to come to bear through exercise of 
the very potent consumer power, a private affair, and through regulatory 
power delegated by the public to government, a political affair. 

Mentioned here are but a few of the social and political concerns that 
must occupy the thoughts of environmental professionals. Today, there is a 
general realization that the problems of environmental control can be solved 
through activities of teams of professionals with various backgrounds of 
expertise. These include scientists from all four of the basic fields previously 
listed as vital tools, engineers of all disciplines, including those specifically 
prepared as environmental engineers, lawyers, economists, social scientists, 
naturalists, and an array of people with diverse backgrounds who classify 
themselves as planners and environmentalists. However, one cannot hope to 
solve complicated sociotechnological problems with teams composed of ad¬ 
vocates of narrow solutions constructed around any particular discipline. 
Members of such teams must have a working cognizance of the special 
functions and capabilities of the other tools that are applied usefully in 
devising solutions. The technologist who is prepared to apply knowledge in 
mathematics, physics, chemistry, and biology to solve environmental prob¬ 
lems is uniquely poised to lead. 

However broad the array of scientific tools may be, there can be no 
professionalism without coupling the technological to the social con¬ 
siderations. While this text is devoted to technological matters with particular 
focus on microbiology and its application to the control of the environment, 
this discussion seemed vital as a reminder to the reader to step back from time 
to time and reassess the feasibility of current and future environmental 
decisions and laws with regard to their effect on society. An essential 
ingredient of professionalism is constructive critique and input into the 
making of sociotechnological policy. Nowhere is such activity a more vital 
part of professionalism than in matters affecting the life-support system. 
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PROBLEMS 


1.1 Many microorganisms can use ammonia as a source of nitrogen in synthesizing organic 
matter. However, our species cannot do this. Go to the library (or another part of this text) for 
information and then discuss an important difference between microbes and animals that makes 
us dependent on plant life. 

1.2 The three items making up the life-support system—food. air. and water—are obvious. Make 
a list and rank important areas of the life-style system (factors determining the quality of life) that 
demand and expend public funds and energies. If food. air. and water are important to an 
individual’s life-support system, which, if any, of the items you may list as worthy of communal 
expense to support the life-style system would you consider to be essential to the life-support 
system for the political existence of your nation? Also, consider the similarities and differences 
between the phrases "guaranteed human rights” and "guaranteed human responsibilities.” 

1.3 Assume an aerobic microorganism uses 50 percent of its intake of organic food as material 
for making new organic matter, and that the other 50 percent of the food intake is oxidized to 
carbon dioxide and water. If this organism in turn is used as organic food (i.e.. as a source of 
carbon and energy) by another species and it in turn is used by another, etc., how many turns of 
the food cycle are needed before nearly 99 percent of the original food (organic) material is 
oxidized to inorganic matter, i.e., is totally oxidized to carbon dioxide and water? 

1.4 In regard to the aerobic decay leg of the carbon-oxygen cycle, the carbon dioxide produced 
by plants on land surfaces goes directly to the atmosphere. How does the carbon dioxide 
produced in lakes, rivers, and oceans get into the atmosphere? 

1.5 Discuss the use of the atmosphere, the lithosphere, and the hydrosphere in the recycling of 
water, carbon, and oxygen. How do these three spheres making up the biosphere come into play 
in the cycling of nitrogen, sulfur, and phosphorus? 

1.6 Why is the use of water for irrigation of crops called a consumptive use. whereas the use of 
water in homes and in industrial manufacturing constitutes in the main a nonconsumptive use? 
What is the fate of most of the water used for irrigation? What is the fate of most of the water 
used in homes and industry? 

1.7 Everyone is aware that living things are composed largely of water and that we need it for 
our existence; it is a vital part of our life-support system. However, water also is used for other 
purposes. List some of these other uses of water and discuss them. Rank your listing and ask 
colleagues to do the same; then compare the uses and the rankings and defend yours to your 
colleagues. 

1.8 Discuss how the sun drives, i.e., provides the energy for, the hydrologic cycle and the 
carbon-oxygen cycle. What has the sun to do with the aerobic decay leg of the carbon-oxygen 
cycle? 

1.9 Name and discuss the two main food chains in the process of aerobic decay. How does our 
species relate to both? Which type of organism seems to win out in the end? 

1.10 What are the two major roles of the hydrologic cycle? Explain how the hydrologic cycle 
tempers the earth’s climate. 

1.11 Considering the fact that it has taken billions of years to produce the organic matter being 
mined as oil, gas, and coal, and that our species probably will have used up all of this supply 
between the nineteenth and twenty-third centuries, what do you think are the next logical 
approaches in the solution of our need for this important life-style system component, i.e., our 
energy supply? Will such solutions require a change in the life-style to which we have become 
accustomed in the twentieth century? 

1.12 Discuss the difference between symbiotic nitrogen fixation and free-living nitrogen fixation. 
Which living species fixes more nitrogen than any other? Discuss the significance of this answer 
in regard to the sociotechnological aspects of the environmental engineering science. 
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CHAPTER 

TWO 


TECHNOLOGICAL CONTROL OL 
WATER QUALITY 


In this chapter, some of the technological subcycles that have become or are 
becoming vital components of the life-support system will be presented and 
some important terms defined. Later in this text, the microbiological aspects 
of these processes and operations will be discussed in some detail. First it is 
important to gain an overview of the technologically enhanced cyclic flow 
path of water. Then we will examine in more detail some individual processes, 
the operation of these subsystems, and their relationship to the microbial 
concepts that will be presented in later chapters. 

In Fig. 1-1, which illustrates the hydrologic cycle, including the water 
supply and its distribution to the city, collection of the used water was shown 
in the path of drainage to the oceans. It is in this aqueous return flow that the 
major portion of the human contribution to the decay leg of the carbon- 
oxygen cycle occurs. Figure 2-1 shows part of that contribution to the 
problem (the wastewater) and to its solution (the treatment process). It will be 
shown that part of the problem as well as the solution involves micro¬ 
organisms. The events are cyclic; they form a vital subsystem or subcycle in 
the life-support system and are integrally coupled to it. 

Beginning at the top and proceeding clockwise, water that has been 
delivered by the hydrologic cycle is extracted from some reservoir, ground or 
surface, natural or artificial, and is prepared for human consumption by using 
a series of unit operations and processes designated in the figure by a series of 
squares. Microorganisms play a role in preparing the water for use, but in this 
overall process, the primary aim is to control their amount and kind at low 
levels, and the operation usually terminates with a disinfection (microbial 
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(“Raw” water supply) 



killing) process, which is vital from a public health standpoint. Despite 
disinfection, microorganisms exist in the distribution system where they can 
react with chemicals in the water as well as those leached from the materials 
of which the conduits and appurtenances of the distribution system are made. 

In the process of being used in various human activities, the purified 
water accumulates various organic and inorganic chemicals. Some of these 
are soluble in water, and some exist as suspended particles. Water serves as a 
sluicing medium, which carries wasted or unwanted material away from the 
human population. At this point in the path of drainage to the sea, the water 
has been well inoculated with a variety of microorganisms and the decay leg 
of the carbon-oxygen cycle is in full operation commensurate with the 
environment’s capacity to provide the oxidant, 0 2 . The mineralization process 
usually begins in the wastewater collection system. In some cases, it proceeds 
at a pace so rapid that microbial activity produces highly anaerobic conditions 
in a part of the sewer, and both organic and inorganic products of metabolism 
react in an extremely adverse manner with the material of which the collec- 
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tion system is made. Serious air pollution problems are also caused by such 
metabolic activities in sewers. 

Biologically enhanced corrosion of construction material of all types is an 
extremely important consideration in these subsystems. Major efforts are 
mounted either to provide an environment in the conduits and appurtenances 
that is favorable to controlled aerobic decay, i.e., to use the collection system 
as an aerobic biological treatment process, or to disrupt microbial metabol¬ 
ism, i.e., add microbial inhibitors to the sewers. Addition of such inhibitors, of 
course, needs to be done in a highly controlled manner. They must be 
dissipated by the time the waste reaches the treatment plant, if it is a 
biological plant. Depending on the nature of the disinfectant, the wastewater 
could be detoxified at the plant site prior to entry to the treatment process. 
Exercise of either approach can be called in-line or on-line treatment. Such 
procedures require rather large expenditures, but in locales where environ¬ 
mental conditions favor corrosion, the already high cost of the wastewater 
collection system warrants further expenditure to protect it. It is important to 
realize that the wastewater collection system has become a vital part of the 
subsystem shown in Fig. 2-1, and the subsystem is a vital part of the 
carbon-oxygen cycle, which in turn is vital to the life-support system. It is 
also well to reemphasize that the collection system is a manifestation of 
technological control of the environment. And while it is relatively simple to 
design, lay out, and construct such systems, their success or failure in 
accomplishing the transit function is largely related to the microbial activity 
within them, so that even so mundane a technological chore as the design and 
management of sewer systems is better accomplished with a working know¬ 
ledge of microbiology. 

The unit processes and operations shown downstream from the collection 
system are so placed to protect the natural receiving stream from excessive 
biological activity. The consequences of microbial activity are somewhat 
different in these natural conduits than in the sewer. In general, a larger 
supply of oxygen is available to maintain aerobic decay, since the receiving 
stream is more open to air circulation than is the underground collection 
system. However, natural aeration can accommodate only rather low concen¬ 
trations of microbial carbon source and can accommodate best the car¬ 
bonaceous material that is metabolized more slowly. The material collected in 
sewers is of higher concentration than can be accommodated by most 
receiving streams, and some of the organic matter contained in the waste- 
water is very rapidly utilized as foodstuff by microorganisms. Thus, it could 
cause localized conditions of anaerobiosis if it were placed directly into the 
natural receiving streams. Unlike the sewer, these natural streams and rivers 
are utilized in the biosphere for much more than carrying away the waste 
products of human activity. One of their most vital functions is as a water 
supply for the downstream population. Prevention of pollution that would 
hamper downstream use of the water supply requires the insertion, in the 
drainage path from sewer to receiving stream, of various unit processes and 
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operations to remove as large a portion of the organic and inorganic matter as 
is necessary to prevent overstressing the normal function of the natural runoff 
channels. While there are still a number of places where the purification 
process may proceed satisfactorily (i.e., without dropping the DO to low 
levels) in the natural receiving stream without any of the treatment processes 
shown in the technological subsystem of Fig. 2-1, it does seem reasonable, in 
view of continued population growth and industrial expansion, that the line 
going directly from the collection system to the receiving stream be abolished. 

The figure shows four return lines to the receiving stream following four 
levels of treatment. The first return line conducts effluent decanted from a 
physical process, i.e., quiescent subsidence of settleable organic matter in the 
wastewater. This process has been called primary treatment. It may be looked 
upon as a first line of defense against overloading the receiving stream with 
organic matter. 

The next return line to the receiving stream emanates from sequences of 
processes designed to remove both suspended and soluble organic matter 
from the wastewater. Such processes may be physical, chemical, or biologi¬ 
cal, or combinations of these. The most successful processes, and those least 
understood, involve mechanisms of biological decay, i.e., microorganisms. 
Processes such as these advance the line of control and defense against 
overstress in the receiving stream, and they are called secondary treatment 
processes. These processes form the major line of defense against localized 
overstress of the decay leg of the carbon-oxygen cycle. In general, socio- 
technological decisions have been made that wastewater should be treated at 
least to the secondary level prior to discharge into the receiving stream. 

Often, due to localized concentration of human activities and paucity of 
water, normal secondary treatment may not remove sufficient organic matter 
from suspension and/or solution; that is, there may still be more organic 
matter in the effluent than can be safely treated through normal aerobic decay 
in the natural water course. In such cases, the effluent from secondary 
treatment may be channeled through additional processes for removal of 
greater amounts of organic matter. Secondary processes are expected to 
deliver organic removal efficiencies of 85 to 95 percent. It is the need for 
reliable delivery of such efficiencies that provides one of the incentives for 
gaining sufficient knowledge of microbiology to allow practical technological 
control of microbial metabolism. 

Even when secondary processes are operating at efficiencies in the range 
cited above, the inflowing organic loads may be so high that the effluent still 
contains sufficient organic material to cause severe stress on the oxygen 
resource of the receiving stream. It is then that a third line of defense, which 
may be called tertiary treatment, should be inserted into the decay leg of the 
carbon cycle. Tertiary treatment processes may be biological, chemical, 
physical, or combinations of these. 

In addition to removal of greater amounts of organic matter, treatment 
beyond the secondary level may be desirable for the removal of excessive 
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amounts of nitrogen and phosphorus that may have been in the original 
wastewater stream. Their importance as plant fertilizers has previously been 
discussed in relation to the problem of eutrophication. Also, since nitrogen in 
the form of ammonium ion, NHf, can be oxidized by some aerobic micro¬ 
organisms, its presence may be as detrimental as organic matter in regard to 
utilization of the generally scanty oxygen supply in receiving streams. Thus, 
even if this ammonia nitrogen is not removed from solution, it may be 
desirable to convert it to nitrate ion. NO), i.e., to oxidize it “on shore” prior 
to readmitting the water to the general water resource. The conversion of 
NHJ to NOj and the removal of either nitrogen or phosphorus from solution 
prior to discharge constitute examples of treatment that may be called 
advanced wastewater treatment. These also may be biological, chemical, 
physical, or combined processes. 

A word of caution is in order regarding the terms primary, secondary, 
tertiary, and advanced treatments. The first two have long been used in the 
pollution control field and are usually defined as given above. However, the 
terms tertiary and advanced treatment are sometimes used interchangeably. 
As a rule, it is preferable to provide precise statements of the process being 
used and the purpose for its use in the treatment scheme rather than to use 
the terms advanced and tertiary. 

Regardless of the degree of treatment (secondary or beyond), waste- 
waters that contain human excrement are generally subjected to some form of 
disinfection prior to their reentry into the surface water resource. Chlorina¬ 
tion has gained wide usage because of the high biochemical reactivity of 
chlorine with organic matter. However, this very reactivity has been the cause 
of recent concern. In addition to killing undersirable microorganisms, 
chlorinated compounds that may be deleterious to the health of downstream 
users may be produced when wastewaters are chlorinated. However, some 
form of disinfection as a safeguard against the transport of pathogenic 
organisms is advisable prior to release of the effluent. 

After the various purification treatments, the water reenters the surface 
resource. As seen in Fig. 2-1, it may enter the natural drainage system (the 
receiving stream) where it may be even further purified. In general, one may 
expect that the effluent from treatments plants will benefit by residence time 
in the receiving streams. The receiving stream can be expected to provide a 
"polishing” treatment, which returns the water to a state of purity such that it 
can be considered as a source of raw water supply for downstream users, e.g., 
a community similar to the one just considered, thus completing the cycle. 

The water in many natural streams that serve as water supplies consists in 
significant proportions of effluent from some upstream user. Thus, waste- 
water recycling is now practiced and will, as population and human activities 
increase, become increasingly necessary. It is this fact that forms the real 
rasis of sociotechnological justice for requiring all, individually or com¬ 
munally, to treat wastewater prior to discharge. It also forms the logical basis 
for technological control and management of the natural receiving streams. In 
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some instances, the effluent produced at the treatment plant may be treated to 
such a high degree that it is made suitable for more direct recycle to the water 
supply treatment plant. Such direct recycle is not generally practiced today. 
There are, however, instances when it has of necessity been done on a 
short-term basis, and there are presently cases in which the waste effluent, if 
not routinely made part of the water supply and admitted to the distribution 
system, is used for recreational purposes. 

It should be borne in mind that, although obviously the highest use for 
water involves its biological role in the human life-support system, it is a 
multipurpose resource, and many of its uses bring it into intimate contact with 
the human species. In fact, most of the water supplied to individuals is used 
for purposes other than the vital biological life-support function. One can 
imagine the psychological aversion to direct water reuse for human biological 
needs. The extent and reliability of treatment needed to overcome such 
aversions are tremendous and represent a major professional responsibility of 
the environmental technologist. On the other hand, reasonably good treatment 
of wastewater coupled with complete management of the receiving bodies can 
help obviate the need for such direct reuse in all but exceptional cases 
dictated largely by geographical location and climate. The environmental 
professional has an equal responsibility to assure, through technological 
control, that the effluent discharged to the stream is of such quality that the 
desirable polishing treatment can take place in that important reactor and that 
the water resource may be usefully employed during this polishing process. 
This is a far better and more reasonable alternative than direct reuse. It 
represents the real service that society demands, and probably the only one it 
will be able to pay for. Thus, the technological process cycle shown in Fig. 2-1 
should not revolve separately through direct recycle but should be melded 
with the natural cycle; the thesis here is that the circle turns more naturally 
than the semicircle. 

It is appropriate to focus more closely on some of the technological unit 
operations and processes in water and wastewater treatment, since they either 
can affect microbial metabolism or are effected by microbial metabolism. 


UNIT OPERATIONS AND PROCESSES 

In a general way, the term unit operations is used in reference to physical 
processes involving little or no chemical change, e.g., sedimentation, flotation, 
filtration, adsorption, centrifugation, or stripping, whereas the term unit 
processes describes engineered events involving chemical changes, e.g., 
chemical oxidation, biological treatment processes, or chemical disinfection. 
Figures 2-2 and 2-3 show various operations and processes applicable to the 
treatment of water supplies and wastewaters, respectively. In general, they 
are set up to flow from inflow (left) to effluent (right), but the reader should 
not interpret this to indicate a fixed or typical flow scheme for water or 
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Figure 2-2 Alternative processes of water treatment and solids handling. 
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wastewater treatment plants. In modern environmental engineering practice, 
there are no standardized flow schemes. Each plant’s flow scheme is deter¬ 
mined by the unique characteristics of the water in question, the particular 
environmental condition at the site, and the quality of the water required. 
Thus, the diagrams are useful in showing process functions but do not 
necessarily indicate a sequence of operation. 


WATER SUPPLY 

The raw water supply may be taken from surface or groundwater sources. 
The source of the water naturally can be expected to affect the quality of the 
water. 

Removal of Inorganic Ions and Turbidity 

In general, a groundwater source contains somewhat more mineral solids 
and less turbidity than surface waters. Iron and manganese are more com¬ 
monly expected in groundwaters than in surface waters, but the bottom layers 
of lakes and reservoirs can contain rather high concentrations of iron and 
manganese, and it should be borne in mind that surface waters that receive 
certain industrial effluents and/or mine drainage may contain significant con¬ 
centrations of these elements—more reason for not committing the error of 
overgeneralization and simplification regarding flow schemes. When present 
in groundwater, these elements exist in reduced form, Fe 2+ and Mn 2 *, and 
upon contact with air they are oxidized to Fe 3+ and Mn 3+ . In oxidized form, 
they exist as colloids and adhere to the surfaces of plumbing fixtures or other 
materials with which the water comes in contact. Oxidation by aeration or by 
the addition of stronger chemical oxidants removes these elements. Iron and 
manganese may also be used as energy sources by certain bacteria, and their 
removal helps prevent the growth of such organisms in the distribution 
system. 

Calcium and magnesium react with the fatty acids in soaps to form 
insoluble salts of these acids, which produce two undesirable effects: they 
cause greasy scums to form in the water, and they cause excessive use of 
cleansers. Two lines of attack have been followed to overcome these effects: 
(1) the replacement of soaps with other cleaning agents (detergents) that do not 
form insoluble compounds with calcium and magnesium, and (2) treatment of 
the water (softening) to remove the Ca 2 ' and Mg 2 * (hardness). Some of the 
need for removing excessive concentrations of calcium and magnesium was 
negated after World War II by the large increase in use of synthetic deter- 


Figure 2-3 Alternative processes of wastewater treatment and solids handling. (Adapted from 
Porter. 1970.) 
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gents that did not react with these elements. However, significant portions of 
the detergent molecules were not readily metabolized by microorganisms and 
they persisted in the aqueous environment. The use of detergents containing 
nonbiodegradable organic compounds as well as phosphorus led to severe 
pollution problems in some areas. Some of the sudsing properties were 
retained even at rather low concentrations of detergents, and the foaming of 
surface water was a common problem. In the case of some groundwater 
supplies, these foam-forming waters were delivered to the consumer’s spigot. 
The phosphorus content enhanced the eutrophication process. A sociotech- 
nological remedy was set in motion in which some laws were passed against 
the use of nonbiodegradable, phosphorus-containing detergents. In addition, a 
boycott by consumers of environmentally detrimental products (“consumer 
power”) spurred industrial research on the development of biodegradable, 
non-phosphorus-containing detergents. Thus, concern over the use of deter¬ 
gents, which peaked in the 1960s, has now subsided to a large degree. 
Although phosphorus is a component of most detergents, the organic con¬ 
stituents are biodegradable. Investigation and control of the biodegradation of 
synthetic products in the biosphere are extremely important activities of the 
environmental professional. 

In the process of water softening, calcium and magnesium may be 
precipitated by the addition of chemicals such as lime, Ca(OH) 2 , and soda ash, 
Na : C0 3 , or may be removed by ion-exchange processes in which nonob- 
jectionable cations are subsituted for calcium and magnesium. If raw water 
contains turbidity, chemical treatment for removal of these elements will also 
remove some of the turbidity, e.g., suspended clay particles. Suspended 
organic matter, some of which may be living (microorganisms), will also be 
removed by entrapment in the chemical precipitate as the floe particles 
subside. Chemical precipitation of calcium and magnesium is not a one-step 
process. The precipitating chemicals must be metered into the water at the 
required dosage and mixed thoroughly. This is followed by a period of 
formation of precipitate and floe building, then by quiescent settling. When a 
raw water contains turbidity, but there is no need to precipitate soluble 
constituents such as calcium and magnesium, the suspended particles may be 
removed by the addition of other chemicals such as alum or ferric chloride. 
These chemicals neutralize electric charges on the particles and themselves 
form chemical precipitates, causing the minute turbidity particles, e.g., clay 
and microorganisms, to agglomerate with the precipitates, forming floe parti¬ 
cles that can be separated from the water by settling under quiescent 
conditions. 

Usually, quiescent settling does not suffice to remove all of the floe or 
precipitate, and that remaining in suspension is filtered out. Particles, includ¬ 
ing microorganisms, are trapped in the interstices of the filtering medium, 
which often consists of specially graded sand. Microorganisms are also 
adsorbed to the surfaces of the filtering medium. This polishing treatment 
removes essentially all traces of turbidity and most of the bacteria. 



WATER SUPPLY 33 


Tastes and Odors 

Iron and manganese, turbidity and hardness are removed to enhance the 
utility and desirability of the water to the consumer as well as to protect the 
distribution and delivery systems. The removal of tastes and odors also falls 
into this category in most cases, although the existence of tastes or odors in a 
raw water supply sometimes can be indicative of microbial contamination. 
Tastes and odors at rather low levels are detectable and objectionable to 
consumers. 

Groundwater (but seldom surface water) sometimes contains dissolved 
gases such as hydrogen sulfide and methane. Odorous compounds in im¬ 
poundment reservoirs for surface supplies arise from decaying vegetation and 
the activities of microorganisms and from the growth of certain blue-green 
bacteria. These are the most common sources, but others include compounds 
from certain industrial wastes (phenolic compounds are particularly objec¬ 
tionable) and agricultural chemicals, e.g., pesticides and defoliants. Obviously, 
the best means of control is to prevent the entry of odor-causing con¬ 
taminants into the water supply, but this is extremely difficult in view of the 
wide array of possible sources and the generally low concentrations involved. 

Taste and odors from the growth of blue-green bacteria in reservoirs may 
be controlled by adding copper sulfate or other disinfectants at various places 
(trouble spots) in the reservoir where the microorganisms have been obser¬ 
ved. Potassium permanganate has also been used. It is a strong oxidant and, 
in addition to killing the microorganisms, it may oxidize residual odor com¬ 
pounds in the reservoir. 

In general, procedures to remove tastes and odors at the treatment plant 
involve one of the processes shown in Fig. 2-2. These are aeration, which can 
strip out gases as well as provide a mild chemical oxidant rr ) : ); chemical 
oxidation using chlorine, chlorine dioxide, or potassium permanganate; or 
adsorption on activated carbon. Extreme care must be exercised in ad¬ 
ministering these treatments, especially the oxidizing compounds, which, in 
high enough concentrations, are toxic to humans. Proper dosages and modes 
of application require careful study; the improper application of chlorine can 
sometimes create tastes and odors in previously palatable waters, depending 
on the nature and concentration of chloro-organic compounds formed. 


Disinfection 

The final process shown, disinfection, is needed to provide a water 
essentially devoid of microorganisms that are potentially pathogenic to human 
beings. Since it is quite impractical to assay for all potentially disease-causing 
organisms, a class of organisms commonly found in human and animal 
excrement, fecal coliforms, is used for testing. If water that is devoid of this 
class of organisms is produced, there is a good reason to believe (but not to 
guarantee) that the water is not hazardous to health. It is emphasized. 
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however, that negative results from a fecal coliform test do not indicate the 
absence of disease-causing animal (or plant) viruses. 

Various disinfecting procedures may be used. Chemical disinfection is 
most widely practiced, and chlorine is the most common chemical. Chlorine 
has been used for many purposes besides disinfection, e.g., for taste and odor 
control, hydrogen sulfide removal, and iron and manganese removal. 
Recently, there has been much concern regarding the physiological effect on 
humans of certain organic by-products of chlorination, and investigative and 
developmental work on other disinfectants can be expected to increase in the 
future. 

The processes shown in Fig. 2-2 do not necessarily provide a complete 
picture of water treatment, nor has the above discussion touched on all of the 
processes that may be used in preparing a raw water supply for delivery to 
the consumer. For example, some waters contain very high concentrations of 
dissolved solids other than those already mentioned; often these must be 
removed, and various processes can reduce the overall salts concentration. 

In general, water is prepared for various consumers to very exacting 
standards. Some waters used in manufacturing processes and in energy- 
transfer operations (e.g.. high-pressure boilers) are prepared to higher degrees 
of chemical purity than are municipal waters. However, the most important 
use for water is in the human life-support system. The most important 
environmental consideration is that the water must not be hazardous to 
health; this usually dictates the absence of pathogenic microorganisms. After 
this consideration is met, it helps if the water is appealing or appetizing. This 
latter consideration is balanced against allowable cost, which is determined by 
the segment of society being served and its willingness to bear the cost of 
what appeals to it. 

Responsibility for the purity and potability of the treated water continues 
in the distribution system. The conduits can become, by design or accident, 
biological and chemical reactors, and this may impair their function as 
conduits. Thus, biological considerations in quality control can be of as much 
concern in the distribution system as in the operation and management of the 
source of supply and the treatment plant. 

Disposal of Waste Products 

Like most other industrial activities, the treatment of water creates waste 
products, which must be disposed of in a way consistent with sound tech¬ 
nological control of pollution. Since the purpose of water treatment is the 
removal of suspended and dissolved solids, the waste products can be 
expected to contain amounts of these in proportion to the amounts present in 
the raw water. Depending on the processes used, chemical additives form 
precipitates, and the amount of solids in the waste product can be expected to 
exceed that in the raw water. In chemical softening using lime and soda ash, 
approximately two parts of sludge solids (on a dry weight basis) may be 



WASTEWATER DISPOSAL 35 


produced for each part of hardness (as CaC0 3 ) removed. Sludge consistency 
may vary from 5 to 15 percent solids by weight; thus, sludge represents a 
large volume of material. Its discharge into municipal sewers is not permitted 
and, like other sludges produced in the treatment of water, it may be placed in 
sludge lagoons, as shown in Fig. 2-2. However, the sludge does not dry 
rapidly, and considerable space must be given over to such sludge ponds. At 
larger plants, it may be economically feasible and decidedly worthwhile from 
the standpoint of sludge disposal to install a recalcination plant for recovery 
of lime, which is reused in the softening process. Recalcination requires 
preparatory sludge dewatering by centrifuging and/or filtering, and drying. 
Some of the dewatering operations are also necessary in order to use sludge 
for landfill. 

Wastes also arise from the backwashing of filters. After a period of 
operation, filters become clogged with solids, and the medium is scoured and 
relieved of this loading by reversing the flow through the filter. The material 
carried away in the backwash water may in some cases be channeled to the 
municipal sewer; in other cases it may be put in a sedimentation basin, the 
supernatant may be recovered, and the sediment combined with sludges from 
other processes and operations for treatment as described above. Whether 
they are disposed of on the land or in the sewer, sludges are reintroduced into 
the biosphere and are fitted, in general, into the decay leg of the carbon- 
oxygen cycle. The organic portions are subject to decay by microorganisms, 
and the inorganic portions may be metabolized in part by microorganisms or 
may affect (for better or worse) the living environment of the microorganisms 
and thus the human life-support system. As would be expected, the impurities 
removed from raw water supplies and the waste sludges so developed have a 
lower potential environmental hazard than those from wastewater treatment 
plants. 


WASTEWATER DISPOSAL 

After delivery, water is used by the consumer and sent by sewer to the 
collection system. It is important to point out that the wastewater collection 
system is a much more active biological reactor than is the water distribution 
system. Controlled microbial metabolism in the sewer system may be ad¬ 
vantageous as a preconditioning process before the wastewater arrives at the 
plant. However, rapid microbial activity that could lead to highly anaerobic 
conditions should be avoided, since anaerobiosis can cause very serious 
odors, the hazard of explosion, and the deterioration of materials of which the 
sewers and appurtenances are constructed. In-line treatment to either enhance 
or curtail microbial activity in collection systems is now receiving much more 
attention than in former years. 

At the treatment plant, the wastewater may be subjected to a variety of 
operations and processes. Examples of these are shown in Fig. 2-3. Screens 
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are usually provided to remove large objects that may be carried along in the 
sewer. Although there are screens of small enough mesh to remove significant 
amounts of particulate matter, most screens or racks are used only to protect 
the unit operations and the processes that follow. 


Primary Treatment 

Depending on the nature of the particulate matter contained in the waste, 
sedimentation may involve two sequential operations. In the first, dense, 
rapidly settling inorganic particles (e.g., sand and grit) characteristic of many 
municipal wastewaters may be settled out in the stilling chambers using rather 
low retention times of approximately 1 to 2 min. Most of the particulate 
organic matter remains in suspension and is removed in a second operation. 
Municipal wastes and some industrial wastes contain particulate organic 
matter that can be removed in a reasonable time (1 to 3 h) by quiescent 
settling in a stilling basin (primary settling tank or primary clarifier). 

Physical separation by quiescent settling is a unit operation that was 
previously identified as primary treatment. Its major purpose is to remove 
settleable organic solids that were suspended or carried along in the flowing 
sewage but that have a settling velocity sufficiently great so that they will 
subside if a reasonable stilling period is provided. The settled material cannot 
be allowed to remain in the bottom of the basin so long that anaerobic 
microbial metabolism forms gases that tend to resuspend the settled material; 
also, odors will arise. The basins, therefore, are equipped with scraper 
mechanisms that gradually ease the bottom sediment to a collection hopper, 
and this underflow “sludge” becomes a waste product of the process. It 
should be remembered that a settling basin provides a quiescent chamber that 
permits particulate materials to separate because of differences in density or 
specific gravity between the particulates and the suspending fluid. A settling 
tank may also serve as a “flotation” tank for materials of specific gravity 
lower than the wastewater, e.g., grease, and surface-skimming devices are 
used to collect this material, which adds to the amount of waste products of 
the treatment process but increases the efficiency of treatment. 

Flotation also may be used as a replacement for sedimentation. Parti¬ 
culate matter more dense than the suspending fluid can be made to float by 
the buoyant force imparted to the suspended solids by the attachment or 
entrapment of air bubbles. Air may be injected into the waste flow, followed 
by the application of a partial vacuum, which causes the dissolved gas to 
bubble off and attach to the particles, thus reducing the bulk density of the 
solids (vacuum flotation). Alternatively, in a process called pressure flotation, 
air is injected under a pressure of approximately 30 to 40 lb/in 2 , and the 
requisite air bubbles are formed upon exposure of the wastewater to atmos¬ 
pheric pressure. 

The efficiency that may be expected with primary treatment obviously 
depends on the characteristics of the wastewater. Municipal wastewaters may 
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be expected to carry along or suspend a significant amount of particulate 
matter, and depending on the depth of the settling or flotation tank, retention 
time, and other factors, primary treatment may remove from 40 to 85 percent 
of these solids and perhaps 25 to 50 percent of the organic matter readily 
available as foodstuff for microorganisms. Some industrial wastes contain no 
significant amounts of settleable solids, and primary treatment is not applic¬ 
able to them. 

Settling basins obviously do not remove dissolved solids. In many in¬ 
stances, however, dissolved organic solids are the major cause of pollution 
since many such compounds are ready sources of carbon for microbial 
growth and their rapid metabolism could deplete the dissolved oxygen 
resource in the natural water course into which a primary effluent might be 
discharged. Thus, primary treatment seldom suffices from a technological 
point of view, and from a social point of view in the United States, primary 
treatment as the sole treatment of municipal wastes has been made unlawful 
by the passage of Pub. L. 92-500. 

Secondary Treatment 

Many wastes contain soluble organic matter and finely divided organic 
material of a size approaching colloidal. The removal of these materials from 
the effluent of the primary treatment process is accomplished by secondary 
treatment processes. There are various alternatives that may be chosen; these 
are listed under the column headed “soluble organics removal” in Fig. 2-3. 
Most of the processes shown are biological. To these may be added another 
type, chemical-physical treatment. 

Chemical-physical treatment Chemical flocculation of organic colloids has 
been practiced for many years and has, for the most part, been abandoned 
because the degree of organic removal from many municipal and industrial 
wastes was not sufficiently high. The reason for rather low efficiency (50 to 75 
percent) is because chemical flocculation removed little or none of the soluble 
organic material. More recently, chemical precipitation followed by ad¬ 
sorption of nonprecipitable organic compounds on activated carbon has been 
shown in some cases to provide removal of organic matter comparable to that 
in biological treatment. However, many organic compounds are not adsorbed 
on activated carbon; thus, its applicability is somewhat limited. 

A disadvantage of chemical treatment is the production of rather large 
amounts of sludge consisting of chemical precipitates and flocculated organic 
matter. This creates a significant disposal problem not only because of the 
large mass of material but also because of the fact that it contains highly 
putrescible “raw” organic matter. The activated carbon used in the adsorption 
process can be regenerated by chemical treatment and by combustion of the 
adsorbed material, but some of the carbon is lost in the regeneration step; 
also, some of the adsorbing power of the carbon is lost by the regeneration 
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procedure. Thus, it is necessary to add new carbon to the process con¬ 
tinuously. Therefore, the two major reasons for approaching the use of 
chemical-physical processes for secondary treatment with caution are that 
they may not be able to remove significant fractions of rather easily metabol¬ 
ized compounds from some wastes, and that large amounts of highly putres- 
cible sludge are developed. The other alternative, biological treatment, can 
partially overcome these disadvantages, but it has some others that are 
uniquely its own. 

Biological treatment and disposal The basic advantage of biological treatment 
over chemical treatment lies in the fact that the aim of the process is to make 
the organic matter a feedstock for microorganisms, thus utilizing, but con¬ 
trolling the rate of, the natural decay leg of the carbon-oxygen cycle. Biologi¬ 
cal processes not only remove the organic matter that would otherwise draw 
down the supply of dissolved oxygen in the receiving stream, but they also 
stabilize a considerable portion of the organic matter by oxidizing it to carbon 
dioxide. Some organic compounds are not readily metabolized by micro¬ 
organisms (e.g., lignin), but their removal is not the purpose of the secondary 
treatment plant. One might argue that it would be well to take out all traces of 
organic matter, whether or not it causes a biochemical oxygen demand in the 
receiving stream. In some cases, for example, if the water were going to be 
reused directly without entering the receiving stream or if organic color 
bodies hampered the utility of the receiving stream, removal of total organic 
carbon rather than only the portion that would lead to a microbial oxygen 
demand could be justified. However, where such treatment is needed, it is 
generally more successfully accomplished in sequence with secondary treat¬ 
ment; that is, secondary treatment is a good pretreatment for removal of 
nonbiodegradables or organic residuals, since it removes large amounts of 
organic material that could hamper or interfere with the functioning of such 
polishing processes as are available. 

There are more variations of biological treatment processes than are 
shown in Fig. 2-3; only the major ones are shown. One of the most used 
processes involves reactors in which the growing microorganisms are held in 
suspension in the wastewater, i.e., fluidized reactors, Various modifications of 
activated sludge are the prime examples of this type of system. In another 
type, the growing cells are immobilized or fixed on a suitable medium, i.e., 
fixed-bed reactors. Trickling filtration is such a process. These processes are 
shown diagrammatically in Fig. 2-4, and an aerial view of an activated sludge 
plant is shown in Fig. 2-5. 

In both processes, the organisms grown in the bioreactor are then 
separated from the “mixed liquor” that flows continuously from the reactor. 
Traditionally, separation has been brought about by sedimentation under 
quiescent conditions. Microorganisms approach colloidal size (e.g.. Escheri¬ 
chia coli is a rod about 0.5 /am in diameter and 1 fim long) and are only 
slightly more dense than the liquid in which they are suspended. Thus, 
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Figure 2-4 Two major types of biological treatment processes. 


quiescent sedimentation would not be expected to separate microbial cells 
from the mixed liquor. However, due to causes that are not well understood 
(one of the problems in biological treatment that the study of environmental 
microbiology may help to remedy), the biomass in activated sludge processes 
and that which is washed off trickling filters usually exists in aggregates or 
floes consisting of millions of cells. These floes are of sufficient size and 
density to permit them to settle in a few hours. The agglomerating tendency 
of the biomass in either process seems to depend on the size of the biomass in 
relation to the quantity of the available carbon source. Without the return of 
massive amounts of sludge, so that the concentration of cells in the aerator 
is much higher than could be produced by metabolism of the waste, the cells 
usually do not flocculate. On a trickling filter, cells are retained by attachment, 
so that the same general situation exists with regard to the ratio of foodstuff 
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to biomass concentration, and the filter effluent contains clumps of slime 
organisms that are settleable in the clarifier. 

The settling basins following either reactor are called secondary settling 
tanks or secondary clarifiers for obvious reasons. Autoflocculation and settl¬ 
ing of biomass from these processes (especially activated sludge) has been 
considered by some engineers to be an integral part of the biological treat¬ 
ment process. In the extremes, flocculation and sedimentation, on one hand, 
have been taken for granted by designers and, on the other hand, have been 
considered to be such unreliable phenomena as to call for the replacement of 
biological treatment by other processes. However, satisfactory replacements 
of biological treatment have not been developed and may never be. It is 
emphasized that the unit process represented in the bioreactor and the unit 
operation accomplished in the cell separator are two distinctly different 
events and subject to unique considerations. Separation may be enhanced by 
periodic addition of flocculating chemicals. Also, separation may be ac¬ 
complished by other means; for example, it may be centrifugally assisted or 
replaced by filtration. Quiescent sedimentation is indeed economical, but it 
would seem advisable to examine other ways and means of effecting separa¬ 
tion while seeking ways to control the growth environment in the bioreactor 
so as to enhance autoflocculation of the biomass. 

From time to time, combinations of fluidized suspended (activated sludge) 
and fixed-growth (trickling filter) reactors have been used. Examples of these 
are the use of rotating disks partially submerged in the wastewater, and 
processes that use some inert medium for attachment of microorganisms (e.g., 
sand) with the inert particles held in full or partially fluidized suspension by 
aeration. Also, trickling filter and activated sludge processes are sometimes 
used in sequence. While the treatment of organic wastes under anaerobic 
conditions is not unheard of, it is seldom the sole secondary treatment for 
reasons that will become apparent in Chap. 11. 


Figure 2-5 A secondary treatment plant, utilizing the activated sludge process. (Top) Aerial 
photograph of the municipal wastewater treatment plant at Ponca City, Oklahoma. (Courtesy of 
Blubaugh Engineering , Ponca City. Oklahoma.) (Bottom) Schematic drawing of the treatment plant 
shown in the photograph. Raw sewage enters the site through the main collection sewer A, flows 
through grit chamber B, through a measuring flume C, to the primary settling tank (clarifier) D. The 
clarifier effluent then flows to activated sludge tanks E. and to the secondary clarifier F. The clarifier 
effluent then enters the Arkansas River at outfall G. Settled sludge from the primary clarifier is 
subjected to anaerobic digestion in either of the digesters H and I. The supernatant liquid from the 
digesters is recycled to the primary settling tank, and the digested sludge is sent to drying beds J. Part 
of the settled sludge from the secondary clarifier is returned to the influent end of the activated sludge 
tank, and excess sludge is channeled to the aerobic digester K. Aerobically digested sludge is sent to 
the sludge drying beds J, and supernatant liquid from the aerobic digester is recycled to the activated 
sludge tank. The building labeled L is the control laboratory and administration building, and M is the 
pump house. The pond areas bounding two sides of the plant site N are not treatment ponds but are 
''natural” runoff catchments resulting from borrow pits, which provided earthen fill on which the 
plant was constructed. 
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Aerobic processes differ in the ways in which aerobic conditions are 
maintained. In the activated sludge process, the cells are maintained in 
fluidized suspension, and dissolved oxygen is supplied by bubbling in either 
air or pure oxygen or by creating sufficient agitation to provide rapid transfer 
of atmospheric oxygen to the bulk medium. In a trickling filter, air is 
transferred across the thin layer of cells adhering to the filtration medium 
(rock, plastic, wood, etc.). The transfer of oxygen in rotating-disk systems is 
essentially the same as in a fixed-bed reactor. 

Another type of aerobic treatment utilizes a different mode of aeration, 
i.e., oxidation ponds, or stabilization basins (see Fig. 2-3). In this type, one 
essentially constructs a lake into which the wastewater is channeled and in 
which it is retained for a considerable period of time. Retention time is 
usually measured in weeks, whereas in the other types of aerobic treatment it 
is measured in hours. An oxidation pond is an attempt to use the carbon- 
oxygen cycle (see Fig. 1-2) in microcosm. Microorganisms, primarily bacteria, 
metabolize the organic carbon, producing new cells and carbon dioxide. The 
carbon dioxide is used as a carbon source by algae and blue-green bacteria, 
which grow and produce oxygen as a by-product. The oxygen is then used by 
the bacteria in metabolizing the waste. The process has some utility, but its 
popularity is waning for reasons that are easily seen. Unless a step is added to 
separate the suspended biological solids (organic-utilizing microorganisms and 
algae) from the effluent, what has been accomplished is not movement of the 
organic matter through the decay path to carbon dioxide, but a swap of 
organic matter in the waste for organic matter in the algae that have been 
created in the process. This is a true carbon-oxygen cycle, but it has provided 
for the immediate conservation of the organic matter, not its dissipation to the 
larger cycle as carbon dioxide. Some of the mixed biological population may 
settle to the bottom of these polluted lakes where, in the absence of oxygen, 
the sediment undergoes anaerobic decomposition. The gases produced may, 
at times, cause large portions of the sediment to float to the top and escape 
over the effluent weir to the receiving stream or collect along the shore and 
create odors. 

Although the terms stabilization pond and oxidation pond are often used 
interchangeably, the former arises, perhaps, as a recognition of the presence 
of anaerobic conditions. Some basins may be designed, simply by making 
them deep, to provide for an aerobic upper layer and an anaerobic lower 
layer. Soluble organic end products of anaerobic microbial metabolism may 
be diffused into the upper layer, where they are metabolized under aerobic 
conditions. It is extremely difficult for microbial-algal symbiotic aeration to 
provide sufficient oxygen in the upper layers under very high organic feeding 
(loading) conditions. The use of aerated lagoons has come about largely as a 
technological enhancement or upgrading of oxidation and/or stabilization 
ponds. These are large aeration basins with rather long hydraulic retention 
times (approximately 10 to 12 days) compared with a few hours holding time 
in activated sludge processes, but holding times are usually much shorter than 
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in biologically aerated oxidation ponds. They are aerated by mechanical 
agitation, using floating aerators, and/or by diffusing compressed air into the 
bulk liquid. Like oxidation ponds and stabilization basins, aerated lagoons 
usually have been installed with no settling basins to separate the micro¬ 
organisms produced in them from the mixed liquid prior to reentry of the 
effluent into the natural drainage system. In some designs of aerated lagoons, 
a portion of the lagoon near the overflow weir is left unaerated (unagitated) so 
as to provide semiquiescent conditions that enhance settling. However, this 
can cause the same problems previously mentioned in regard to rising solids 
from the bottom of oxidation ponds. Also, without the use of extremely long 
retention times, little settling occurs. The biological solids concentration is 
rather low because cell recycling does not occur, and the cells tend to remain 
dispersed; i.e., they do not flocculate as in the activated sludge process. 
However, some wastes may contain chemicals that promote settling so that, 
in some cases, aerated lagoons can be upgraded by installing settling basins in 
series with the lagoons. 

Further discussion about the microbiological aspects of the secondary 
processes constitutes a significant portion of subsequent chapters. If treat¬ 
ment stops at the secondary level, the clarifier effluent flows to the receiving 
stream without consideration of the other wastewater treatment processes 
shown in Fig. 2-3, except that in many cases the effluent is disinfected prior to 
discharge. 

Sludge Treatment and Disposal 

The secondary treatment plant produces organic sludge from the primary 
settling tank, if one is used to remove settleable solids, as well as biomass 
from the underflow of the secondary settling tank. Disposal of this waste 
product of the treatment process constitutes one of the most costly and 
difficult problems confronting environmental pollution control technologists. 
Some of the processes and operations used in sludge disposal are shown to the 
right of the dotted line in Fig. 2-3. 

The general aims are: (1) reduction in volume of material, which first 
involves removal of some of the water that constitutes 97 to 98 percent of the 
sludge; (2) reduction of the volatile (organic) content of the solids, which 
reduces its putrescibility; and (3) ultimate disposal of the residues. 

Some of the processes shown in Fig. 2-3 are used to prepare the sludge 
for any of the three combustion processes (reduction of organic content) 
shown, i.e., aerobic or anerobic digestion (biological combustion) or chemical 
combustion, by wet or dry incineration. The general idea is to increase the 
concentration of organic matter by reducing the water content prior to entry 
to the processes that reduce organic content. 

The water content of the clarifier underflow sludge can be reduced by 
mechanical thickening, which involves the slow rotation of rakes through the 
sludge. This promotes flocculation and agglomeration of sludge particles, per- 
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mitting further compaction. The released water is decanted. Thickening also 
may be accomplished by flotation processes and by centrifugation. Water may 
be removed by filtration of the sludge. The sludge may be prepared for 
filtration by heat treatment, which tends to coagulate the particles, or by the 
addition of coagulating chemicals such as ferric chloride and lime. Heat 
treatment can release large amounts of soluble organic matter from the 
sludge, and the material must be recycled to the biological treatment reactor. 
The amounts of chemicals required to effect satisfactory coagulation prior to 
filtration may be reduced by washing the sludge to remove some of the 
dissolved inorganic solids that might otherwise react with the added chem¬ 
icals. 

After the sludge has been concentrated, further treatment may be physi¬ 
cal or biological. It may be subjected to pressure and heat treatment, thereby 
oxidizing a portion of the organics to carbon dioxide and reducing its 
putrescibility, i.e., stabilizing it. For total disposal, it may be further heat- 
dried until it can be burned (incinerated). Alternatively, the sludge may be 
subjected to biological decay under aerobic conditions, or it may be subjected 
to fermentation and anaerobic decay in the absence of oxygen. 

Under aerobic conditions, a fairly large portion of the organic matter is 
oxidized biologically to carbon dioxide and water. Under anaerobic con¬ 
ditions, much less of the energy in the sludge is channeled into the decay leg 
of the carbon-oxygen cycle. Considerable portions of the organic matter can 
be converted to methane, CH 4 ; the energy is trapped in this organic gas, 
which can be collected above the anaerobically digesting mixed liquor in the 
reaction vessel. The carbon is eventually returned by chemical combustion to 
the decay leg of the carbon-oxygen cycle, when the gas is burned: 

CH 4 + 20 2 -> CO: + 2H : 0 

These biological processes are of major concern in this text and will be 
covered in some detail in later chapters. 

Residual solids from these processes may be disposed of on land or in 
water. Marine disposal has come under considerable criticism in recent years. 
It may be practiced in the future, but the determination of safe disposal sites, 
with the uncertainties involved, and the haul distances that will be required 
make it far less attractive to coastal communities than it was in the past. 

There is no ideal way to dispose of the sludge produced by the waste 
treatment process. To be sure, it contains some valuable materials, but the 
cost and energy requirements for reclaiming these materials from the sludge 
exceed those for obtaining them from other sources, and this will probably 
continue to be true for many years. Currently, recycle possibilities for sludge 
are receiving some attention, but hygienic recycle through the decay leg of the 
carbon-oxygen cycle offers one of the most promising avenues of approach. 
Every effort should be made to extract value from the sludge, and there are 
now, and undoubtedly will be more, instances of successful direct recycle of 
components of waste sludges. By and large, these most probably will account 
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for a small fraction of the sludge produced, and it would seem that as 
producers, society would be better off by facing up to the fact that the sludge 
is a waste product that we must dispose of, and by looking for usable 
treatment methods and less wasteful usage of virgin resources. 

The process labeled “extended aeration” spans Fig. 2-3 from primary and 
secondary treatment via activated sludge to sludge disposal via aerobic 
digestion. In this process, usually any settleable organic solids are channeled 
directly to the activated sludge reactor along with colloidal and soluble 
organic matter. The functional biological concept for the process holds that 
by returning all sludge to the aeration tank and by elongating or extending the 
hydraulic holding time t in the aeration tank, all of the soluble organic carbon 
in the waste that has been converted to cells can be autodigested to carbon 
dioxide; i.e., it can be totally oxidized. Thus, both purification and sludge 
disposal are accomplished in one process. Hydraulic retention times are 
commonly three to five times longer than for more conventional activated 
sludge plants. The biochemical and ecological concepts as well as the prac¬ 
ticability of accomplishing the aims of this process are of significant interest 
in environmental microbiology. 

Tertiary and Advanced Processes 

In Fig. 2-3, considerable space is given to listing processes that fall into the 
categories of tertiary or advanced treatment. These categories are listed 
together because some of them provide for both the aim of tertiary treatment 
(removal of dissolved and suspended organic matter not removed in the 
secondary processes) and that of advanced treatment (removal of dissolved 
and suspended inorganic matter). 

It was seen in Fig. 2-1 that effluent from secondary treatment processes 
may enter the receiving stream, where small amounts of organic matter that 
remain in the effluent may be utilized for the growth of microorganisms and, 
in turn, of macroorganisms. If these materials can be metabolized in this 
natural tertiary treatment reactor without overstressing its many functions in 
the life-support system, not the least of which is its function as a life¬ 
supporting environment for other aerobic species, the receiving stream can 
form the natural link between wastewater discharge and raw water supply. 
However, there are increasing numbers of situations in which the receiving 
streams cannot perform this function simply because of the increasing 
volumes of secondary treatment plant effluent they carry. Most natural 
receiving streams are not designed as effluent aeration vessels; thus, dissolved 
oxygen becomes the limiting “nutrient.” In these cases, there are two alter¬ 
natives. First, ways and means may be sought to increase both the maximum 
efficiency and the reliability of delivery of high-efficiency secondary treatment 
plants. Alternatively, add-on processes may be devised (tertiary treatment 
facilities) through which the secondary effluent is passed for the purpose of 
removing the small amounts of biologically available organic matter in the 
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secondary effluent. Artificial lakes, tertiary ponds or polishing ponds, with 
long liquid retention times have been used. Also, passage of the effluent 
through sand beds, spray irrigation with either overland (surface) flow or 
seepage into the soil, or combinations of these functioning as biological 
treatment processes have been used. Such disposal on. in, or over land prior 
to returning a secondary effluent to the water resource can form a very useful 
tertiary process depending on local soil conditions and uses. Also, since one 
of the existing problems with secondary treatment lies in the reliance on 
quiescent settling for separation of the biomass from the liquid, tertiary 
processes aimed solely at entrapment or flocculation of the remaining sus¬ 
pended biological solids have been used, e.g., sand filtration or chemical 
flocculation. 

There is some danger that the wide use of tertiary processes for the 
removal of organic matter can militate against needed study of the first 
alternative—improvement of the secondary processes. The tertiary processes 
should not be looked upon simply as ways of correcting inadequacies of 
secondary biological processes; there is a tendency to depend on these 
add-ons to do the job of secondary treatment, which they cannot do since 
they function successfully only when organic matter is present in very low 
concentrations. 

Often wastewater contains excessive amounts of nitrogen and phos¬ 
phorus compounds. As seen previously, these are essential to the biosphere 
and. as such, encourage biological activity, some of which is objectionable 
from the standpoint of the human species. Nitrification can contribute to 
depletion of the dissolved oxygen in rivers; both nitrogen and phosphorus can 
contribute to excessive algal growth in the receiving stream. Secondary 
treatment processes can be operated so as to nitrify any excess ammonia, but 
this step may also be performed subsequent to secondary treatment. In this 
case, it is considered an advanced waste treatment process. After nitrification, 
the NO) may be converted biologically to N 2 and stripped from the liquid to 
the atmosphere. Some amounts of phosphorus in excess of that normally 
incorporated in the biomass may be removed biologically, depending on the 
species present in the biomass, but excess phosphorus is more reliably 
removed by chemical precipitation following secondary treatment. 

Advanced treatments to remove excess nitrogen and phosphorus are 
designed primarily to prepare wastewaters for reentry into the surface water 
resource. When direct reuse of the water is contemplated, further treatment is 
considered. Such processes are selected in accordance with the charac¬ 
teristics of the wastewater. Activated carbon can remove small amounts of 
adsorbable organic compounds. When directly recycled wastewaters con¬ 
stitute more than a third to half of the water supply, a buildup of inorganic 
salts in the water can become a serious problem. Such processes as ion 
exchange, reverse osmosis, freezing, and distillation have been investigated as 
ways to reduce the total dissolved solids concentrations. Such complete 
treatment is not generally practiced today and will probably never become 
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necessary except in isolated cases, provided reliably good secondary treat¬ 
ment is generally practiced and the receiving streams are subjected to close 
surveillance and technological management. 

An example of rather comprehensive treatment of water is the scheme 
used at the South Tahoe public utility district water reclamation plant. The 
effluent from the plant flows into Indian Creek Reservoir, which is a major 
recreational lake in this resort area. As originally installed, the treatment 
consisted of conventional primary sedimentation with secondary treatment 
provided by the activated sludge process. Advanced-tertiary treatment con¬ 
sisted of chemical treatment (addition of lime, flocculation, and settling) to 
precipitate most of the excess phosphorus and to raise the pH level 
sufficiently so that excess ammonium ion, NHj, was converted to ammonia 
gas, NH 3 , which was then stripped from the liquid. After adjustment (lower¬ 
ing) of the pH level, which assists in the recovery of lime, the water was 
filtered and contacted with granular activated carbon. The water was then 
chlorinated and finally sent to Indian Creek Reservoir, where it was used for 
recreation (boating, swimming, fishing). The plant has undergone some 
modification, particularly with respect to nitrogen removal. 

It is readily apparent that many of the processes that form vital units in 
the technological subsystems of the carbon-oxygen cycle are biological in 
nature. Also, many of the chemical and physical processes are affected by 
biological activity. The processes have thus far been dealt with as “black 
boxes” or “shelf items,” which the technologist can string together in various 
ways depending on the character of the used water and the desired character 
of the rejuvenated water. This text will, in significant measure, deal with 
fundamental biomechanics and kinetics governing these environmental con¬ 
trol processes. It may come as a surprise to some readers that often in the 
past, these biological processes have been designed by individuals who have 
little or no knowledge of the biochemical functions taking place in the 
reactors. In the future, emphasis will be placed on the reliable functioning of 
these processes; that is, emphasis will not be on the design of a series of 
vessels in which “something biological” takes place, but on the control of the 
"something” that is taking place in the vessels. When design is properly wed 
to function (as it should always be) and that function involves microbial 
biochemistry, there is no recourse but to learn about the microorganisms. It is 
either that, or change jobs. 

PROBLEMS 


2.1 Distinguish among an aerated lagoon, an oxidation pond, an extended aeration activated 
sludge process, and a “regular” activated sludge process. 

2.2 What types of organic matter would you expect to find in primary sludge? How does the 
organic composition of primary sludge compare with that of secondary sludge? 

2.3 What does the extended aeration process try to accomplish? Explain the aims of the process 
using your knowledge of the aerobic decay leg of the carbon-oxygen cycle. 
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2 4 On average, the size of a bacterial cell may be 2.0 x 0.5 „m. and its density is so close to that 
of water that there is no tendency for the cell to settle; i.e.. it remains suspended m the .quid 
medium However, secondary settling tanks are used. What must happen if an activated sludge 
process is to use secondary settling tanks? How does the process come about? Do some reading 
and form some hypotheses before you attempt to answer this question. 

2.5 Distinguish among primary, secondary, tertiary, and advanced wastewater treatment pro- 
C6SSCS. 

2.6 Why is the removal of suspended and soluble organic matter from wastewater so important 
before discharging the water to a river or a stream? 

2.7 If the city of Oklahoma City dumped its wastewaters untreated into the Canadian River, there 
would be a serious and very apparent pollution problem. However, if the city of St. Louis put its 
untreated water into the Mississippi River, it would hardly change the quality of the water m the 
river. 


(a) Discuss possible reasons why the above is true. 

(h) Is it fair or unfair (a sociotechnological problem) that both cities should have to treat 
their wastes to the same degree? 

2.8 Discuss the role of the receiving stream in the natural cycles and in the technological 
subcycle. 

2 9 Using the references given to you. prepare a table of per capita water usage based on a total 
average per capita usage of 150 to 200 gal per day. Include such use categories as human 
consumption, i.e.. water used biologically; water used for bathing, flushing, and rinsing; water 
used for cleaning clothes and housecleaning; and water used to irrigate lawns, gardens, etc. After 
completing this task, you will probably be impressed by the small volume of water used for 
life-support purposes (i.e., biologically required water). In view of this, discuss the reasonable¬ 
ness of treating all of the water supply to the same degree of purity and potability. Could we have 
two water supplies piped into dwellings? Is it too late for us to do this on a large scale. If so, 
why? Would it be a good idea if it could be done? 

■> 10 Discuss reasons for controlling the quality of a public water supply with respect to: iron, 
manganese, calcium, magnesium, tastes and odors, turbidity, color, and disinfection. Is there any 
relationship between these characteristics and disinfection? 

2.11 Discuss ways and means to dispose of the waste products of a water supply treatment plant. 

2 12 Sewers cost much more than wastewater treatment plants. What are some of the materials 
of which sewers are made? List all the possible things that can happen to sewers due to the fact 
that they carry wastewaters. List physical, biological, and chemical effects. Suggest ways to 
protect the sewers, i.e., the materials of construction. 

2 13 What is meant by chemical-physical treatment of wastewaters? Compare the use of 
chemical-physical treatment with biological treatment. What are the advantages and disad¬ 
vantages of each? 

2.14 Differentiate between a fluidized reactor and a fixed-bed reactor. Give examples of the use 
of each in the purification of wastewaters and in the purification of raw water supplies. 

2.15 What is an oxidation pond? What are the mechanisms that make it work? Does it accomplish 
its purpose as a secondary treatment of wastewaters? If not, what could be done to make it fu 
this purpose? 

2.16 The conventional unit for expressing concentration used in the environmental engineering 

field is milligrams per liter (mg/L). . , , ... ■, f 

(a) If the density of a solid dissolved or suspended m water is l.Og/cc and the density of the 
medium is 1.0, i.e.. it is water, express milligrams per liter in terms of parts per million parts ot 
solvent (ppm). Express milligrams per liter in terms of pounds per million gallons of solvent. How 
many milligrams of solids are there in 38 L if the concentration is 25 mg/L? How many pounds of 
solid material are there in 1 million gallons if the concentration is 1.0 mg/L? 
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( b ) If water is flowing at a rate of I million gallons per day, and if 1 mg/L of solids is 
dissolved in that water, how many pounds of solids flow by a given location in a day? 

(c) It would seem from the answer to part (a) or (b) that if the density of the solids is the 
same as the density of the liquid, then 1 mg/L = 1 ppm. Suppose one knew there was 1 mg/L of a 
substance dissolved in water but that the density of the substance was 2g/cc rather than 1, what 
would be the concentration in parts per million? Suppose the density was 0.5. what would be the 
concentration in parts per million? Suppose the density of the solid was 1.0. but the density of the 
solvent was 1.2. How many parts per million would be equivalent to a concentration of 1.0 mg/L? 
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CHAPTER 

THREE 


CHEMICAL COMPOSITION OF CELLS AND THE 
NATURE OF ORGANIC MATTER 


In Chap. 1 it was evident that organic matter, its synthesis, its oxidation, 
and its eventual return to the biosphere as carbon dioxide and water, com¬ 
prised one of the essential cyclic events permitting the human species and 
many others to exist. In order for this cyclic phenomenon to work, it was 
necessary that water both participate in the overall chemical reaction and act 
as a carrier of organic matter to the oceans. The overstressing of the organic 
carrying capacity of the earth’s drainage system constituted the major reason 
for insertion of the technological subsystems discussed in Chap. 2. Further¬ 
more, the most important subsystems for purifying wastewaters were them¬ 
selves biological and involved the use of organic matter in wastewater 
streams as a source of carbon and energy for the growth of microorganisms. 
Thus, this organic matter was converted partially to new forms of organic 
matter (microorganisms) and partially to carbon dioxide. Both the natural 
system and the technological subsystems are concerned with this conversion 
of organic matter. 

It cannot be said that all organic matter is made by living organisms 
through natural or controlled life processes; indeed, the science of organic 
chemistry came into being only when Friedrich Wohler discovered in 1828 that 
urea could be made in the absence of living organisms. However, most organic 
matter is produced through life (metabolic) processes involving minute living 
cells. In some cases, the living unit consists of a single cell, e.g., various species 
of bacteria, whereas in other organisms, e.g., corn, cows, and human beings, a 
family of cells has evolved to perform specific functions in the life of the 
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organism. However, whether in bacteria or corn, each of the varied living 
cells is characterized more by its chemical similarity than by the factors that 
differentiate them from one another, a manifestation of the principle of the 
unity of biochemistry. In this and the following chapter, the chemical (Chap. 
3) and the structural-functional (Chap. 4) makeup of various microorganisms 
will be examined. 

The study of the general chemical composition of microorganisms has 
immediate practical significance to the environmental control professional for 
two reasons. First, the biomass is a collection of single- and multiple-cell 
species that is to be used as an engineering material to perform the function 
of wastewater purification. To be sure, this biomass is not an engineering 
material of construction such as asphalt, concrete, or steel. Its role is even 
more important than the structural, insulating, or transporting function of 
most engineering materials. This material is responsible for the functional 
success or failure of the entire array of secondary treatment processes. While 
it may be considered a natural material, its use in the technological control of 
the life-support system requires that it be understood and manipulated 
(engineered) to bring about the desired effects. Like any other engineering 
material, it has characteristic chemical properties and physical behavior. Its 
mechanistic and kinetic behavior forms an area of inquiry that may be called 
the biomechanics of the biomass, which must form a significant portion of the 
knowledge of any practical professional in the environmental control field. A 
study of the general chemical composition of this material provides a foun¬ 
dation for such study. 

Second, it is apparent that mainly waste organic matter has precipitated 
the need for technological enhancement of the decay leg of the carbon- 
oxygen cycle. Since both the material effecting the purification and the 
material being subjected to purification (mineralization) are organic in nature, 
the study of the composition of the biomass offers opportunity for consider¬ 
able insight into the nature and character of the waste materials. The nature 
of the organic materials in wastes quite naturally has a bearing on the 
mechanism and kinetics of biomass metabolism, since these organics com¬ 
prise the foodstuff (carbon sources) for orderly perpetuation of the biomass 
and the recycle of organic carbon to carbon dioxide. 

Living cells consist largely of compounds such as carbohydrates, lipids, 
proteins, and nucleic acids, with molecular weights varying from less than 100 
to more than 1 million. Municipal and rural effluents consisting largely of 
household wastes, food wastes, and human excrement contain rather large 
complements of these naturally occurring organism components. They also 
contain manufactured organic components, e.g., soaps and cleansers. 
However, most, but not all, of the organics of nonbiological origin consist of 
compounds similar to, or are components of, biologically produced com¬ 
pounds. Some of the compounds are not structural components of cells but 
are chemical products made by the cells. Many industrial wastes consist 
largely of one or more of these types of biological compounds; e.g., pulp and 
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paper wastewaters contain significant amounts of carbohydrates; dairy wastes 
contain carbohydrates, lipids, and proteins; and meat-packing wastes contain 
proteins and lipids. Fermentation wastes contain some cellular components 
and cellular products, e.g., alcohols. Certain industrial wastes contain organics 
that are not biologically produced, e.g., refinery and petrochemical waste (at 
least these materials were not biologically produced in recent times), while 
others contain specific biological and nonbiological products, e.g., wastes 
from the production of pharmaceuticals. From the standpoint of attaining 
engineering control of the progression from organic to inorganic, as well as 
understanding the biological processes in the life-support system, some 
knowledge of the nature of organic matter is vital. 


GENERAL NATURE OF ORGANIC MATTER 

Discussion of two outstanding characteristics of organic matter will help our 
understanding of why it is so vital to the life-support system. First, it can be 
burned (i.e., it is combustible or oxidizable), and, second, its general charac¬ 
teristics are for the most part determined by those of its major elemental 
constituent, carbon. 

The first characteristic has immediate practical significance and provides a 
means of qualitative and quantitative analysis. The fact that organic matter 
can be oxidized (burned) in the presence of oxygen is well known, and it is 
generally appreciated that in the process, the energy contained in the organic 
material is released as heat. It is also generally appreciated that the more 
reduced the organic matter is, the better fuel it makes; i.e., more heat energy 
is released when it is combusted to carbon dioxide and water. The heat energy 
is converted to other forms of energy and is used by consumers. 

When the burning or oxidation takes place under physiological (biological) 
conditions at constant temperature and pressure, it is not the change in heat 
energy AH (enthalpy) but the available free-energy change AG, or the portion 
of it that may be stored in chemical compounds for use by the organism, that 
is important. The living cell is not simply a furnace. It is an entire system of 
combustion for energy release, capture, and use. The energy is used for many 
purposes, such as movement, growth, and maintenance of vitality. All of 
these require energy released in a form able to perform work, i.e., the 
free-energy change AG. Not all of the energy released upon oxidation of the 
organic matter is available to perform work. When a reaction occurs, the 
change in the fraction of energy available for work is dependent on the 
absolute temperature T at which the reaction takes place and the change in 
the capacity of the system for containing energy that is not available to do 
work AS (entropy). Thus: 

AG = AH-T AS (3-1) 


Only a portion of the released free energy can be trapped in chemical 



MEASUREMENT OF ORGANIC MATTER 53 


compounds that permit the organism to do the work mentioned previously, 
because, as we shall see in Chap. 7, the trapping process is not 100 percent 
efficient and some of the free energy released is wasted as heat. In addition to 
oxidizing some of the carbon source to obtain energy to do work, some of the 
carbon in the organic foodstuff is used to form new compounds (body 
substance) as the organism grows. Thus, not only does the living cell oxidize 
organic matter to obtain energy in usable chemical form, but it is also a 
consumer of the energy and manufacturer or synthesizer of new organic 
matter from a portion of the organic carbon source with which it was fed. 


MEASUREMENT OF ORGANIC MATTER 

Both chemical and biochemical combustion characteristics of organic matter 
offer opportunities for its qualitative and quantitative measurement. Below we 
shall consider some chemical combustion measurements. 

Equation (3-2) shows the combustion of a sample containing organic 
matter: 

Organic matter W CQ + H 0 + ash + heat ( _ AH) (3 . 2 ) 

Inorganic matterj 

In this equation, the amount and type of organic matter are unknown, and it is 
quite impossible to operate on the equation in the usual mass balance fashion. 
However, it tells us what happens if we combust the organic matter to C0 2 
and H 2 0, i.e., if we oxidize it totally. 

Volatile Solids 

Since the products C0 2 and H 2 0 can be driven off, Eq. (3-2) shows a way to 
measure the amount of organic matter in a sample. The test is conducted at 
600°C in a carefully prescribed manner, minimizing decomposition of in¬ 
organic salts; the loss of weight after burning may be taken as a measure of 
the amount of organic matter present (APHA, Standard Methods, 1976). This 
procedure provides not only a quantitative assessment of the amount of 
organic matter, but also the information to determine the percentage of the 
total dry weight of the sample that is organic. The determination of the 
amount of volatile solids is one of the most widely used measurements for the 
amount of organic matter in a sample. 

Oxygen Demand 

Measurement of volatile solids provides valuable information, but the weight 
alone tells little of the character of the organic matter; for example, compare 
the burning of a ton of hay with that of a ton of coal. The coal (pure carbon) 
would give off more heat upon combustion (greater negative AH), require 
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more 0 2 , and produce more CO : during complete combustion. In short, the 
fuel values of the hay and coal are different. If one performed the burning in a 
special furnace, taking precautions to insulate it, i.e., if one used a bomb 
calorimeter, it would be possible to measure the heat of combustion A H 
released upon burning the sample. Usually such elaborate measurement 
procedures are not followed except to obtain thermochemical values for 
specific compounds or specific classes of organic matter; e.g., the general 
range of heat values for municipal refuse is often determined this way. One 
could also measure the amount of oxygen used up in the oxidation, and this 
would provide some indication of the fuel value and an indirect measure of 
the amount of organic matter present in the sample. 

It can be argued that in nature it is not the fuel value or the 0 2 used upon 
chemical combustion but the 0 2 required for biochemical combustion that is 
the more critical concern. For any given population of organic food con¬ 
sumers, a portion of the organic matter is incorporated into new body 
substance; also, not all organic matter in a given sample is necessarily a 
usable substrate for a given population in nature. It can, however, be said that 
the amount of 0 2 used to oxidize (burn) the organic carbon in a sample totally 
to C0 2 represents the upper limit of the oxygen-utilizing potential of that 
sample of organic carbon in nature. Thus, this oxygen demand provides 
extremely valuable information regarding the amount and character of a 
sample of waste organic matter. Special equipment must be used to measure 
the 0 2 used in burning a sample of organic matter in a furnace. There is, 
however, an exceptionally good and widely used chemical oxidation pro¬ 
cedure that can be used. 

Chemical oxygen demand (COD) test. The chemical oxidizing agent need not 
be oxygen, and in the standard chemical oxygen demand (COD) test (APHA, 
1976), the strong oxidizing agent, potassium dichromate, is used. Under acid 
conditions using carefully prescribed procedures, the COD test can be coun¬ 
ted upon to oxidize nearly all organic carbon to C0 2 . One can measure the 
amount of oxidizing agent used up in the reaction and calculate this to an 
equivalent amount of 0 2 . This method is used widely in the environmental 
pollution control field, and modifications of it are used in the fermentation 
industries as tests for the amount of total organic matter (Neish, 1952). The 
method lends itself to various automated and shortened analytical procedures 
designed to save time and increase analytical capacity. These should be used 
only after correlating the results to the standard COD test. The shortened 
reaction time can lead to some differences between the test results and those 
obtained using the standard COD test. It is important to note that in the COD 
test, all organic matter in the sample may not be oxidized. Aromatic hydro¬ 
carbons and pyridine resist oxidation. On the other hand, certain inorganic 
substances, e.g., ferrous iron, sulfides, sulfites, thiosulfates, and nitrites, cause 
an inorganic COD. The major interference in this regard is chloride ion, Cl", but 
this may be overcome by the addition of mercuric sulfate, providing Hg 2+ ion, 
which combines with Cl". 
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Total oxygen demand (TOD) test While the chemical oxygen demand test 
provides a relatively easy and inexpensive way to measure the oxygen 
demand of organic matter, it is possible also to measure the amount of oxygen 
used during the actual combustion of a sample. The special equipment needed 
has been conveniently packaged in recent years. Organic matter is burned at 
900°C with the aid of a catalyst, and the oxygen demand is measured by the 
electrolytic detection of oxygen consumption. Measurement of oxygen 
demand using such an apparatus has become known as the total oxygen 
demand (TOD) test. This method is not subject to the chloride interference; 
however, inorganic nitrates in a sample may contribute oxygen, thus giving 
falsely low results. Also, any dissolved oxygen in an aqueous sample should 
be purged before making the analysis. Other inorganic substances, such as 
hydrogen, ammonia, sulfide, and sulfite ion, exhibit an oxygen demand. 
Because of the high temperature, excess oxygen, and catalysts, nitrogen in 
nitrogen-containing organic matter is oxidized to NO; thus, the test should 
give higher oxygen demand values than the COD test. Some of the TOD test 
instruments available may not oxidize organic nitrogen, and the results in 
such a case would be expected to be fairly close to COD test values. Thus, 
while the COD test and various TOD analyzers are used to measure the same 
property, one must expect some differences in the results because of the 
different test conditions. COD values have been found to be somewhat lower 
than TOD values for some wastes and higher for others, while COD/TOD 
ratios of unity have also been observed. 


Total Organic Carbon (TOC) 

Referring again to Eq. (3-2), it is seen that the amount of organic matter can 
be determined, based upon the amount of carbon it contains, by measuring 
the amount of C0 2 produced upon its total oxidation. One may dry and burn a 
sample, then collect and measure the amount of C0 2 . The C0 2 may be 
collected in alkali and precipitated and measured gravimetrically, or it may be 
measured manometrically. Fairly new devices that take advantage of the 
infrared-absorbing properties of C0 2 are also available. Analyses for the 
carbon produced upon total oxidation, TOC, are used increasingly in the 
environmental pollution control field, largely because of the development of 
the instrumentation for this analysis. 

Thus, using Eq. (3-2), it is apparent that we can assess the amount of 
organic matter by measuring the heat liberated upon combustion (-A H) or 
the loss of weight upon total oxidation of the sample (volatile solids deter¬ 
mination). We can measure the amount of carbon in the organic matter, TOC, 
and use this as an assessment of the amount of organic matter, or we can 
measure the amount of oxygen used in the oxidation, COD and TOD. All of 
these methods are chemical ones and involve no biological activity whatever. 
They all are means of assessing the amount of organic matter in a sample, but 
they measure different characteristics of the organic matter. 
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STOICHIOMETRIC CONSIDERATIONS 


All of the aforementioned characteristic properties must be determined 
experimentally; Eq. (3-2) cannot be balanced because the elemental com¬ 
position of the organic matter is unknown. Indeed, it is first necessary for an 
analyst to determine what fraction of the weight of the solids in a sample is 
composed of organic matter (volatile solids determination). However, if one 
were to choose organic matter of known chemical composition, or if one 
determined the elemental composition and empirical formula for the organic 
matter in the sample, Eq. (3-2) could be balanced and one could readily see 
the relationships among all the types of measurement. Such calculations are 
helpful and, for the purposes of illustration, we shall examine the oxidation of 
ethane, C,H 6 , from the hydrocarbon level through alcohol (ethanol) to the acid 
level (acetic acid) and to the level of total oxidation (CO? and H,0). Proceed¬ 
ing from reduced reactant to oxidized product: 


C,H, 


T 

to, 


H,0 

c,h 5 oh ^J^CHjCOOH 


f 

o. 


r 


2CO, + 2H,0 


(3-3) 


20 , 


hydrocarbon alcohol acid 

In the interest of brevity, a very important oxidation level between 
alcohol and acid has been omitted in the oxidation series—the level of 
aldehydes (and ketones for compounds of three or more carbons). Aldehydes 
and ketones occupy an important position in nature, but their inclusion here is 
not necessary to the example. 

The terms oxidation and reduction deserve further explanation, and the 
simple direct statement below belies the immensity of investigational effort 
that has gone into this area of study by many physicists, chemists, and 
biochemists. The definition of oxidation and reduction given by Clark (1952) is 
an apt one: 


Oxidation can be defined as the addition of oxygen to a compound, the removal of hydrogen 
from a compound, the loss of an electron: reduction is the converse of oxidation. 

All three need not occur in any specific reaction. Atoms and molecules can be 
oxidized without the addition of oxygen or loss of hydrogen; but in order for 
oxidation to occur, an electron must be lost or taken away from the com¬ 
pound or atom that has been oxidized. Also, it should be remembered that 
when an atom or molecule is oxidized, there must be a concomitant reduction 
in another atom or molecule. Oxidation and reduction occur concurrently; one 
cannot occur without the other. Examination of the oxidative series in Eq. 
(3-3) shows that when ethane is oxidized to ethanol, there is no loss of 
hydrogen, but oxygen is added to the compound. However, when ethanol is 
oxidized to acetic acid, there are both loss of hydrogen and gain of oxygen. In 
all cases, the organic compound is oxidized and the oxidizing agent, oxygen. 
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is reduced. In these reactions, oxygen is an electron acceptor; thus, it is 
reduced, and the electron donor is the organic compound oxidized by the 
electron acceptor. It is the electron donor-acceptor relationship that charac¬ 
terizes oxidation-reduction reactions, and such reactions will later be seen to 
be of vital importance in microbial metabolism. 

For the total oxidation of ethane, the balanced equation is 

C 2 H 6 +3.50 2 -^2C0 2 + 3H 2 0 (chemical balance) 

30+ 112 = 88 + 54 (mass balance) 

Both the elements and the masses are in balance, as is seen by adding the 
molecular weights shown in the mass balance. 

If 1000 mg/L of ethane is oxidized, the concentration of 0 2 required can 
be calculated as (1000)(112/30) = 3733 mg/L. This is the calculated COD 
(sometimes referred to as theoretical chemical oxygen demand COD th ) of 
1000 mg/L of C 2 H 6 . In general, we can say that 1 mg of C 2 H 6 has a theoretical 
COD of 3.73 mg of 0 2 . 

Remembering that the amount of total organic carbon (TOC) was deter¬ 
mined experimentally by measuring the C0 2 produced, the calculated TOC 
can be obtained by computing the carbon content of the C0 2 produced from 
1000 mg/L of ethane (i.e., 800 mg/L) or, since the empirical formula for ethane 
is known, by computing the carbon content directly. The TOC of 1 mg of 
ethane is 0.8 mg of carbon. The ratio COD/TOC provides some indication of 
the oxidation state of the organic matter. For ethane, it is 4.63 (i.e., 3.7/0.8). 
The higher the ratio COD/TOC, the less oxidized is the organic matter. 

The amount of energy A H released upon combustion can be calculated 
from the heats of formation of the products and the reactants from their 
elements. These values can be obtained from chemical data handbooks such as 
Lange's Handbook of Chemistry (Dean, 1973) or the Handbook of Chemistry 
and Physics (Weast, 1977). 

A H° = 2 A H° f products - X AH/ reactants (3-5) 

The superscript ° indicates standard conditions, which are a pressure of 1 atm, 
a temperature of 298 K (25°C), and concentrations of 1 mol/L. For the 
combustion of C 2 H 6 [Eq. (3-4)], 

AH 0 = 2(—94.05) + 3(—57.79) - (-20.24) + 0 
= -341 kcal/mol 

Calculations can also be made for the successive oxidation products of 
Eq. (3-4). Calculated values of COD and TOC are shown below. 

Ethanol 

C 2 H 5 OH + 30 2 -»2CO : + 3H 2 0 A H° = -295 kcal 

COD = 2.09 mg 0 2 /mg C 2 H,OH 
TOC = 0.522 mg C/mg C 2 H 5 OH 


(3-6) 
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Acetic acid 

CH 3 COOH + 20:2C0 2 + 2H 2 0 AH°=-187.3 kcal (3-7) 

COD = 1.07 mg 0 2 /mg CH 3 COOH 
TOC = 0.4 mg C/mg CH3COOH 

It can be seen that as ethane is oxidized in successive steps from 
hydrocarbon to alcohol to acid, there is a decrease in energy released and a 
decreased COD. And in the example given, since oxygen is added, the TOC of 
each successive oxidized product is less than the TOC of the corresponding 
reactant; i.e., the ratio COD/TOC decreases. 

We have referred to the calculated or “theoretical” COD, and it is amply 
apparent that it is the amount of oxygen required to oxidize the organic 
carbon and hydrogen to C0 2 and H 2 0. For the compounds thus far used as 
examples, the calculated COD and TOD are the same, but this would not 
necessarily be the case for compounds containing reduced nitrogen. This 
difference can be seen by considering the amino acid glycine. 

Under conditions of the COD test, Eq. (3-8) results; ammonia remains 
unoxidized. However, for conditions in the TOD analysis, Eq. (3-9) may 
apply; the nitrogen may be oxidized to NO. 

NH 2 CH,COOH + 1.50w2C0 2 + H 2 0 + NH 3 (3-8) 

75 48 

COD th glycine = 0.64 mg/mg 


NH,CH,COOH + 2.750, -*• 2CO, + 2.5H,0 + NO (3-9) 

75 88 

TOD [h glycine =1.17 mg/mg 


ELEMENTAL COMPOSITION OF MICROORGANISMS 

Water, as previously mentioned, comprises the major portion of the weight of 
a microorganism (75 to 90 percent). The cell contains the various elements 
discussed in Chaps. 1 and 2, which are characteristic of all organic matter in 
the biosphere. The elemental composition of microorganisms varies some¬ 
what, depending on the environmental conditions and species of micro¬ 
organism. The values listed in Table 3-1 for the bacterium Escherichia coli are 
representative of a widely occurring and well-studied species. Reported ash 
contents for microorganisms vary from 5 to 30 percent. The ash content for 
naturally grown heterogeneous populations of microorganisms in biological 
treatment plants can be much higher than 30 percent, depending on the 
mineral content of the medium, i.e., the carriage water for the waste organic 
material. The ash content of activated sludge can, at times, be more than 50 
percent. There is considerable variation in the relative amounts of the 
elements listed after hydrogen in Table 3-1. Various species of organisms can 
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Table 3-1 Elemental cell composition 


Element 

Dry weight. % 

Carbon 

50 

Oxygen 

20 

Nitrogen 

14 

Hydrogen 

8 

Phosphorus 

3 

Sulfur 

1 

Potassium 

1 

Sodium 

1 

Calcium 

0.5 

Magnesium 

0.5 

Chlorine 

0.5 

Iron 

0.2 

All others 

0.3 


Source: Stanier et al.. 1976. 


store significant amounts of phosphorus or sulfur and can concentrate some 
other ions, e.g., chloride. Thus, one must expect the composition of these 
elements to vary rather widely. However, it is seen from Table 3-1 that over 
90 percent of the dry weight of the cell is composed of the elements carbon, 
hydrogen, oxygen, and nitrogen. Thus, if one determined the combining ratios 
of these elements in a sample of microorganisms, an empirical formula for cells 
would be approximated. One such set of values for a heterogeneous microbial 
population was determined by Porges et al. (1956) to be C 5 H 7 NO;. The 
theoretical chemical oxygen demand of cells with this empirical formula may 
be calculated: 

CjHyNO: + 50: -* 5CO- -r 2H : 0 + NH, (3-10) 

113 160 

Thus, 1 mg of microbial biomass = 160/113 = 1.42 mg of COD. 

Experimental values of COD for microbial populations grown under 
various conditions have been found to range from approximately 1.3 to 1.5 mg 
of COD per milligram of biomass dry weight. If the values had been based on 
volatile solids [as per Eq. (3-10)] rather than on the total dry weight of the 
biomass, these values would have been slightly higher. There is enough 
variation in actual COD values under various growth conditions to warrant 
considerable caution against the sole reliance on an empirical formula for the 
biomass when making energy and material balances (Gaudy et al., 1964; also 
see Chap. 10). A general empirical formula for heterogeneous biomass has 
value, and there surely can be considerable variation in biochemical com¬ 
position without much change in the empirical formula. However, the relative 
ease with which the oxygen demand (COD) of biological sludges can be 
obtained experimentally indicates no need for reliance on a general empirical 
formula. 
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AN INTRODUCTION TO BIOCHEMICAL OXYGEN DEMAND (BOD) 

Equations (3-2) and (3-10) show the total oxidation, i.e., the complete aerobic 
decay and mineralization, of organic matter. The conditions of oxidation used in 
these reactions are rather severe and are purposely designed so in order to 
make the reactions go to completion. These reactions also describe aerobic 
decay in nature, but the conditions are less severe; they permit life processes 
to proceed. Under such conditions, the oxidation takes place as part of the 
natural food chain, as we described in Chap. 1, and a portion of the foodstuff 
represented by this organic matter is used to make the vital body substances 
(lipids, carbohydrates, proteins, nucleic acids) of the species growing on the 
organic matter in the sample. Thus, total aerobic decay of a sample of organic 
matter under biological conditions is not a simple one-step process but occurs 
in multiple steps. At each step, a portion of the original organic matter is 
oxidized to C0 2 and H 2 0, and a portion is used to produce new (microbial) 
organic matter. The biological incineration of a sample of organic matter can 
be represented as shown in Fig. 3-1, assuming that the organic material 
comprising the cells synthesized in each step can be metabolized by other 
microbial cells in the following step. 
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Figure 3-1 Aerobic decay—repetitive biological processing of organic matter. The oxygen utilized 
in this process up to any step is a measure of the biochemical oxygen demand of the original 
sample of organic matter. If the biological cell yield is 50 percent, then more than 95 percent of 
the original organic matter is totally oxidized by the end of the fifth cycle. 
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The fraction of organic carbon source that is channeled into new cells 
during growth is called the cell yield Y with respect to carbon source. This 
value varies according to environmental conditions, nature of the carbon 
source, species, and other factors, but for purposes of examining a quan¬ 
titative example, a cell yield of 50 percent is a reasonable value. The 
summation of the series of gross biochemical reactions shown in Fig. 3-1 
approaches accomplishment of the same overall reaction as that in the COD, 
TOD, and TOC tests. Measurement of the amount of 0 2 used in the aerobic 
biological decay of organic matter is the essence of the widely used bioassay 
procedure called the biochemical oxygen demand (BOD) test. 

In this bioassay procedure, a sample of waste is inoculated with a small 
volume of a mixed population of microorganisms capable of utilizing the 
organic matter as source of carbon and energy, i.e., microorganisms capable 
of performing step one. The initial 0 2 concentration of the sample is brought 
to nearly the DO saturation level (approximately 9 mg/L) by aeration, and the 
0 2 concentration is carefully measured. In the standard test, an appropriate 
volume of the sample is incubated in a closed container for 5 days, and then the 
DO is again measured. The decrease in 0 2 concentration is a measure of the BOD 
exerted (0 2 uptake) during that time interval. 

In the series of aerobic decay steps shown in Fig. 3-1, no consideration is 
given to the speed or rate of reactions. Usually step one occurs rather 
rapidly—within the first or second day. The later steps take more time. Step 
two may begin before step one is completed, or it may not start until some 
time afterward. Also, step two may be only partially completed. Step three 
may not start for some time after step two has been completed. Indeed, it may 
not start for many days, and there is a possibility that it may never start in the 
incubation bottle. The reason for the uncertainty is that the steps are brought 
about by the microorganisms that were placed in the BOD incubation bottle. 
The initial seed population is selected mainly for its ability to perform step 
one; i.e., it has been acclimated to the use of the original organic matter as a 
carbon and energy source. It may or may not include organisms that can 
utilize the body substances of the species produced in the first step as a 
carbon source to accomplish the later steps. The BOD bottle is a closed 
microecosystem; its ultimate capabilities are determined by those of the initial 
inoculum. Thus, the stepwise series of aerobic decay reactions may occur 
quite handily in nature, e.g., in a river over an extended time, but may not 
occur in a BOD bottle in many days—almost never in 5 days. Thus, even if all 
the organic matter in a sample can be used as a source of food by micro¬ 
organisms, the 5-day BOD is never expected to equal the COD or TOD, and 
even if the sample were incubated for a month, the terminal BOD might not 
equal the COD or TOD unless the microorganisms capable of forcing the food 
chain to approach completion (at least through step five) were present. 
Sometimes they are; more often they are not. So the ultimate value of the 
BOD recorded will depend upon the seed inoculum used. Under the best 
ecological conditions, it may approach the COD or TOD value. Even if it does 
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approach total oxidation, the rate of reaction will vary with the inoculum 
used. One may, with considerable risk, attempt to correlate BOD values with 
the results of COD and TOD tests, but surely not without consideration of the 
differences in the determinations and the reactions on which each is based. In 
later chapters, the important subject of BOD (i.e., microbial respiration) will 
be treated in more detail at both the fundamental and applied levels. 

A recent critical review of the BOD concept and the test is available 
(Gaudy, 1972), and the detailed procedure for performing the BOD test can be 
found in Standard Methods (APHA, 1976). 


CHEMICAL NATURE OF ORGANIC MATTER 
AND MICROORGANISMS 

Further discussion of the nature of organic matter and the chemical com¬ 
position of microorganisms requires a familiarization with the chemical pro¬ 
perties of carbon. Many texts have been written about compounds that 
contain carbon and their reactions (organic chemistry) as well as the nature 
and reactivity of certain organic compounds in living cells (biochemistry); the 
reader is advised to consult the list of suggested reading at the end of this 
chapter for more detailed discussion than will be presented here. Regardless 
of the immensity of these subjects, there are certain fundamentals and key 
areas that we can usefully delineate to aid comprehension of the chemistry of 
microorganisms. 

It is essential to gain an appreciation of the physical structure of the 
organic compounds that comprise both substrates and microorganisms. 
Compounds that have thus far been represented by empirical formulas (ratios 
of combining weights of the elements) or the slightly more descriptive 
molecular formulas (showing the numbers of each atom in the compound) are 
much more than packets of elements; they are definite space structures, and 
their reactions and functions depend in large measure on the shape and 
construction of those space structures. Like the webbed trusses of bridges, 
the columns and beams of skyscrapers, and power line towers, there is much 
more space between the elemental parts that are joined together to make the 
functional structure than there are solid materials. Indeed, the elemental parts 
of the molecules—the atoms of the various chemical elements—are them¬ 
selves structures in space. 

The construction of the major atoms comprising organic matter is shown 
in Table 3-2. Hydrogen is the simplest atom, consisting of a nucleus that 
contains one positively charged particle (a proton) and no uncharged particles 
(neutrons). The nucleus represents essentially all the mass of the atom 
(1.67 x 10 -24 g) but not most of the volume or space occupied by the atom. The 
diameter of the nucleus is about 1/100,000 that of the whole atom. The 
diameter of the atom is approximately 10~ 8 cm, whereas that of the nucleus is 



Table 3-2 Atomic structure of common 


Electron 

Element Symbol configuration 



Ls in living organic matter 


Atomic 

number 

Atomic 

weight 

Valence 

electrons 

Maximum number of 
covalent bonds 

i 

6 

1 

12 

1 

4 

1 

4 

7 

14 
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3 
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16 
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10“ 13 cm. Since the weight of the atom is so small, a relative weight scale is 
used. The atomic weight is approximated as the number of particles, neutrons 
and protons, in the nucleus. Thus, hydrogen has an atomic weight of 1. (Units 
of atomic weight are daltons; one dalton is the weight of the hydrogen atom.) 
The atomic number is the number of protons in the nucleus, and for 
hydrogen, both atomic weight and atomic number are 1. Considering the 
minute absolute weight of the hydrogen atom, 1 g atomic weight of hydrogen 
contains more than 10 23 atoms of hydrogen. When expressing the atomic 
weight on this relative scale, it is seen that 1 g atomic weight of any element 
contains the same number of atoms. This number (Avagadro’s) is ap¬ 
proximately 6.02 x 10 23 , and it may be used to convert relative to absolute 
weight scales. 

Modern theory of the atom indicates that electrons, the minute negatively 
charged particles that move rapidly about the nucleus, exhibit wavelike 
properties similar to those of a beam of light. These charges exist in defined 
mathematical functions (orbitals), which are a measure of the probability of 
finding the electron in a given region in space or volume in which the electron 
moves. The orbital for hydrogen is represented by a sphere with its center 
about the nucleus. For our purposes, the orbital theory of atomic structure 
need not be considered further. The older concept, which considers the 
electron charge to exist in a planar orbit or shell about the nucleus, will 
suffice. It is important to remember that the electron represents an electric 
force in the vicinity of the nucleus, and it is the sharing and interlacing of 
these forces that form the bonds allowing atoms to form molecules, molecules 
to form macromolecules, and macromolecules to form organic structural 
components. 

Hydrogen has one electron shell (designated as the K shell), which has a 
capacity to hold two electrons. Hydrogen strives to complete this shell by 
sharing one electron with another atom. An element is said to be more stable, 
i.e., less reactive, when its outer shell of electrons is completed. Thus, helium, 
which has two electrons, has a completed outer shell and is an inert (non¬ 
reactive) element. 

Carbon has two shells for electrons; the K shell is complete, but the outer 
shell, designated by the letter L, has only four of the eight electrons needed to 
complete it. Thus, to achieve stability, it would either lose or gain four 
electrons; it has a valence or combining power of four. The electrons in the 
outer shell of an element are known as the valence electrons. It is the outer 
shell that is involved in chemical reactions. 

Carbon has six protons and six neutrons. Thus, it has an atomic weight of 
12; it is 12 times heavier than hydrogen. Nitrogen and oxygen contain five and 
six valence electrons, respectively, in the L shell. In phosphorus and sulfur, 
the L shell is complete, and each contains electrons in a third shell (M shell), 
which may be completed with eight electrons. Thus, phosphorus has five and 
sulfur has six valence electrons. 
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Bonding of Elements—Formation of Compounds 

Atoms are joined to form molecules by electric bonds of varying strengths 
and types. The outer shells or valence electrons are involved in chemical 
bonding, and they strive to attain stability by either adding or losing electrons 
to complete the valence shell. 

Electrovalent bonds (ionic bonding) An example of electrovalent bonding is 
the formation of common table salt, sodium chloride. Sodium has one 
electron in the M shell, and chlorine has seven. The drive toward stability 
indicates that sodium tends to lose its electron and drop back to the stable L 
level, whereas chlorine picks up this electron to complete its M shell. In the 
formation of the resultant compound, sodium chloride, sodium has lost its 
electron and has net positive charge (+1), thus becoming a positively charged 
ion (cation), Na'; the chlorine atom gains an electron in the exchange, 
becoming a negatively charged ion (anion). Cl'. The sodium and chloride ions 
are attracted to each other because of their opposite charges. The reaction 
can be shown as follows: 

Na°+ oClS—»Na + SCir 

o o o o 

The dots represent the electrons of the outer valence shell. The ions in the 
resulting ionic compound exert a considerable attractive force. The positively 
charged ions can attract several negatively charged ions, forming three- 
dimensional (space) aggregates of alternately charged ions as crystals. Within 
the crystalline structure no one pair of ions constitutes a molecule of NaCl. 
There is no direction to the attractive force, and when the crystalline solid is 
dissolved in water, the separate ions for the most part go their own ways and 
form electrostatic attractions with water molecules or with other cations and 
anions that may be present in solution. Such ionic behavior is of significance 
in living systems, but these bonds are not characteristic of organic (carbon) 
compounds. The unique space structures of complex organic compounds 
require more fixed and rigid bonding to provide definite shape and structural 
form. 

Covalent bonding Many organic compounds contain some ionic bonds, but 
the type of bonding that predominates in organic compounds is that in which 
one element is bonded to another by an overlapping or interlocking of 
electron orbitals; that is, there is no electron exchange or capture by one of 
the elements but a mutual sharing of the electrons involved in the bonds so that 
each element completes its outer electron shell by virtue of pairing electrons. 
This interlocking leads to “fixed” directional bonds of varying strength and is 
largely responsible for the unique space structures of complex organic mole¬ 
cules. This type of bonding is referred to as covalent, and the compounds thus 
formed are covalent compounds. 

Covalent bonding is also found in environmentally important inorganic 
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Table 3-3 Electron-dot formulas for some environmentally important nonor- 
ganic compounds 
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compounds, e.g.. Hi, 0 2 , C0 2 , and H 2 0, shown in Table 3-3. In each case, the 
outer shell is stabilized by sharing, not exchanging, the electrons (K shell for 
hydrogen, L shell for carbon and oxygen). The filled circles indicate the 
shared electrons. 

Polarity In molecules consisting of two atoms of the same element, such as 
H 2 and 0 2 , the electrons are shared equally by each atom. However, some 
elements that form covalent bonds have a greater attraction for electrons than 
do others; for example, oxygen and nitrogen have a stronger attractive force 
for electrons than do carbon and hydrogen, and they exhibit a slight negative 
charge. In a water molecule, oxygen has a stronger attraction for the electrons 
shared with the hydrogen atoms; therefore it exhibits a slight negative charge, 
whereas the hydrogen exhibits a slight positive charge. This phenomenon is 
known as polarity, and water is a polar compound. In addition to the 0~—H + 
bond, another pair exhibiting polarity is that between N~ and H~; thus, 
covalent bonds may exhibit charge characteristics (but not structural charac¬ 
teristics) like ionic compounds. 

Coordinate covalent bonding Covalent bonds may be found in which one 
element donates both electrons in the binding pair. This type of bond is found 
more often in inorganic than in organic compounds, e.g., in H 2 S0 4 and H.,P0 4 . 
Organophosphorus compounds are particularly important in biological sys¬ 
tems, and phosphoric acid illustrates this type of bonding: 
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Phosphorus has five valence electrons, two of which form a covalent 
bond with oxygen; that is, phosphorus donates two electrons and oxygen 
none to the bond. This type of bond is sometimes designated with an arrow 
(left) or, more often, with simply a double bond (right). This type of covalent 
bonding is sometimes called a semipolar bond because oxygen, which still has 
all of its six electrons and in addition a share in the pair from phosphorus, 
now has a negative charge, whereas phosphorus has donated electrons to the 
bond without gaining a share of the oxygen electrons and is left with a 
positive charge. 

Carbon-carbon bonding Carbon is the major element in organic matter and, 
although it forms covalent bonds with many elements, e.g.. hydrogen, oxygen, 
nitrogen, sulfur, phosphorus, and the halogens (fluorine, chlorine, bromine, 
iodine), the key to the diversity and complexity of organic compounds is the 
ability of carbon to form covalent bonds with other carbon atoms. The 
carbon-carbon bond provides the mechanism that permits carbon to form the 
skeletal framework for all the organic compounds. The spatial model of the 
carbon atom (Fig. 3-2) was suggested 100 years ago. and modern orbital 
concepts have substantiated it. The atom is represented by a sphere at the 
center of a tetrahedron, and the four valence bonds of equal length extend to 
the corners of the tetrahedron (see Fig. 3-2,4). In diagram B, the tetrahedron 
has been removed and the bonds have been satisfied with hydrogen, resulting 
in a spatial representation of methane. This ball-and-stick model is very useful 
in studying the structures of organic compounds. It clearly shows the direc¬ 
tional aspect of covalent bonding that leads to the definite or fixed ; space 
structure of the molecule. More representative modeling could be provided by 
making the carbon sphere larger than those representing hydrogen and by 
showing electron clouds representing the orbitals rather than indicating the 
bonds by tie sticks. In Fig. 3-2C, the molecule has been rotated out of the 
plane of the paper so that the top hydrogen atom has come toward the reader, 
and the elements are projected to a plane, yielding the normal or standard 
representation of the structural formula for methane. The projected structural 
formula is similar to the electron-dot formulas used in Table 3-3, except that 
the dash has replaced the two dots representing the shared electron pair. 
Often the dashes are omitted, e.g., in CH 4 . 

Because of the tetrahedron-like space structure of the valence bonds in 
the carbon atom, it is apparent that chains of carbon atoms that are usually 
written -C-C-C- in structural formulas are by no means as linear as the 
representation implies. In Fig. 3-3 are shown various spatial forms of carbon 
skeletons. This stereochemical property of organic molecules is important in 
determining the reactivity and biological function of the compounds. 

When we consider the variety of shapes and lengths of compounds that 
can be formed by carbon-carbon bonding and the variety of elements besides 
hydrogen and carbon with which carbon can form bonds, there is little wonder 
that there are many more organic than inorganic compounds. For the smaller 
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Figure 3-2 Ball-and-stick model of the carbon atom: (A) carbon atom enclosed in a tetrahedron to 
show its four valence bonds; (B) methane; (C) structural formula for methane based on 
projection lines from its ball-and-stick model. (Adapted from Liener, 1966.) 


organic compounds, the types of reactions in which they participate are 
determined by attachment to the carbon skeleton of certain functional groups 
or the presence of certain characteristic bondings. For example, alcohols, 
aldehydes, ketones, and acids possess certain key chemical groups. Esters, 
ethers, and peptides represent important bondings involving functional groups 
of small molecules and are involved in joining them into large “poly” or 
“macro” molecules. Some of the most important functional groups and 
bondings are given in Tables 3-4 and 3-5. 

The functional groups are responsible for the chemical behavior typical of 
classes of organic compounds such as alcohols, aldehydes, and acids; these 
are groups common to those particular types of compounds and form the 
basis of a means of classification of the organic compounds. The functional 
groups of molecules are locations of either high or low electron density. Since 
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bonds are made by sharing electrons that are not already being shared, it may 
be deduced that functional groups mark locations in molecules that may 
become involved in chemical reactions with other compounds. For example, 
nitrogen has five valence electrons, but in the amino group -NH 2 , only three 
of the five are used in bond formation: 


| O o 

—CSNS 

I oo 

1 H 

Thus, it is rich in electrons and a prime location for reaction. 

The reactivity of the functional groups is emphasized by considering 
some of the more complex molecular bondings shown in Table 3-5. Esters are 
formed by a reaction between the carboxyl (acid) group of one compound and 
the hydroxyl group of another. Such bonding is of paramount importance in 
biological systems. The acid does not have to be an organic compound (in the 
table, the R and R' indicate that there are other parts of the molecule that are 
not being shown). In the formation of thiol esters, a sulfhydryl (rather than a 
hydroxyl) group is involved. The most distinguishing feature of protein is not 
that it contains significant amounts of nitrogen but that it consists of amino 
acids linked together by peptide bonds. In this bond, the carboxyl group of 
one acid reacts with the amino group of another acid. Glycosidic bonds might 
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Table 3-4 Important functional groups in organic compounds 


Functional 

group 

Type of 
molecule 


Example 

Name 

Formula 

Name 

Formula 


H 



H 

Methyl 

— C—H 

| 

H 

Hydrocarbon 
and others 

Methane 

H—C—H 

1 

H 





H H H 

Hydroxyl 

—OH 

Alcohols 

Propanol 

I 1 I 

H—C—C—C—OH 
l l I 





1 1 1 

H H H 


0 



H H 

OOO 

1 1 I! 

H—C—C—C—H 

1 1 

H H 

Carbonyl 

—C — 

Aldehydes and 
ketones 

Glyceraldehyde 





H H 

OOO 

1 II 1 


0 

II 

— C—OH 


Dihydroxy 

Acetone 

II ' 

H—C—C—C—H 

1 1 

H H 

H O 

H-C—<!—OH 

Carboxyl 

Acids 

Acetic acid 





1 

H 

Amino 

/ H 

- N \ 

H 

Amino acids 
and amines 

Glycine 

H H 

X N X 0 

1 II 

“ 1 

H 





H H 

H X N X O 

1 1 II 



Certain 
amino acids. 


1 1 II 


ij n 


1 f 

H H 



mercaptans 



be considered a special form of ether bond (i.e., C-O-C). They involve the 
carbonyl group of one carbohydrate and the hydroxyl group of another. 
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Table 3-5 Characteristic bonding of important types of biochemical compounds 


Name of 
bonding 

Structure 

Source of 

R groups 

Type of 
molecules 

Ester 

0 

I! 

R—C—O—R' 

R . acid 

R', alcohol 

Lipids (fats, waxes) 

Phosphate 

ester 

0 

II 

HO—P—O—R 

1 

OH 

Phosphoric acid 

R. hydroxyl carbon 
compound 

Nucleic acids 

Metabolic intermediates 
(energy capture) 

Thiol ester 

0 

II 

R— C— S—R' 

R. acid 

R'. sulfhydryl carbon 
compound 

Metabolic intermediates 
(energy capture and 
utilization) 

Glycosidic 

bond 

R—0—R' 

R, carbohydrate 

R'. carbohydrate 

Polysaccharide 

Peptide 

0 

II 

R—C—N—R' 

1 

H 

0 0 

II II 

R— C— 0— P— OH 

OH 

R. amino acid (acid end) 

R'. amino acid (amino end) 

Protein 

Acid 

anhydride 

Phosphoric acid 

R. acid 

Metabolic intermediates 
(energy capture and 
utilization) 


Note: R indicates a part of the molecule (residue) which is not shown. R and R' are different 
residues. For example, an ester might be formed from acetic acid and propanol by a reaction in which 
water is removed; see Table 3-4 for structures which would be represented by R and R' in this ester. 


Hydrogen bonding The bonds of carbon with various other elements provide 
a wide variety of strong bonds for building the space structures of the small 
molecules, and the functional groups permit a wide variety of reactions, 
including special types of bonds joining small molecules to form large 
molecules. However, the variety and great specificity of reaction of 
macromolecules in the biological world are provided by distinct spatial 
configurations made possible by weaker bonds than those already discussed. 
These weak bonds are made possible in large measure by the phenomenon of 
polarity, which was previously defined as the unequal sharing of electrons in 
covalent bonds, leading to slightly positive and negative centers in the 
molecule. Polarity fosters the creation of electrostatic forces of attraction by 
which polar molecules arrange themselves in loose lattice structures. 

Water molecules are a good example. They do not exist in a haphazard 
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array but are aggregated together as shown in Fig. 3-4. A coordinate bond is 
formed between oxygen and hydrogen in which the electron-rich oxygen 
donates both electrons. This type of bonding between positively charged 
hydrogen and a negatively charged donor atom such as oxygen or nitrogen is 
called a hydrogen bond. It is a relatively weak bond, requiring only one- 
twentieth the energy needed to make or break a carbon-carbon or carbon- 
oxygen bond. The fact that water molecules are bonded together accounts for 
the high boiling point (low volatility) of water relative to that of other 
materials of similar molecular weight. Since hydrogen bridging can occur not 
only between water molecules but also between water and other polar 
compounds, we have another clue as to why water functions as the universal 
solvent for other polar compounds, since a polar group of the compound can 
form a hydrogen bridge with water. This aspect is important in regard to the 
accessibility of organic nutrients to microorganisms in the aqueous environ¬ 
ment but. more important, it is hydrogen bonding and other weak attractive 
forces mentioned later that account for the intricate and specific spatial 
configurations of biochemical macromolecules. Envision a long chain of 
hundreds of small molecules joined, for example, by strong ester or peptide 
linkages. Some of the small molecules so joined may contain R-OH and 
R-NH; groups, i.e., those exhibiting polarity. How does that chain exist in the 
microscopic aqueous universe in which it is suspended? Is it a jumbled pile, a 
straight chain, a spiral, or some other configuration? It may be any of these. 



Figure 3-4 Schematic diagram of a lattice 
formed by water molecules. The energy 
gained by forming specific hydrogen bonds 
(| 1111) between water molecules favors the 
arrangement of the molecules in adjacent 
tetrahedrons. Oxygen atoms are indicated 
by large circles and hydrogen atoms by 
small circles. Although the rigidity of the 
arrangement depends on the temperature of 
the molecules, this structure is, neverthe¬ 
less, predominant in water as well as in ice. 
(From Watson. 1977.) 
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Figure 3-5 Representation of a long-chain organic molecule held in a particular space structural 
form by hydrogen bonding. 


but whatever it is, it has a characteristic shape and spatial structure without 
which it cannot perform its function in the living cell. Various macromole- 
cules that formerly functioned as parts of living cells but which are no longer 
functional because of “getting out of shape” play a role in the microbial 
environment; they are generally fated to become food for macromolecular 
aggregates (organisms) that are still functioning. 

The space structure of the macromolecules is provided mainly by 
hydrogen bonding. The folded structure diagramed in Fig. 3-5 represents a 
chain of small molecules bonded together; the hydrogen bridges hold the 
chain in a specific three-dimensional shape. If these bonds were disrupted, 
this specific space structure would no longer exist, and the ability of the 
molecule to engage in its usual reactions would be destroyed. 


The Classes of Biological Compounds 

The major classes of biological compounds, i.e., those found in living cells, 
are lipids, carbohydrates, proteins, nucleic acids, and their derivatives. To the 
environmental scientist, many other organic compounds are also important. 
For example, hydrocarbons are not usually found in living organisms but they 
are made by them, and they can serve microorganisms as a carbon source 
from which the biological compounds referred to above are synthesized. 
However, the major portion of organic matter in the environment does quite 
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naturally consist of these compounds, and a more detailed survey of them not 
only helps define the composition of living cells but also tells us much about 
the nature of organic substrates. 

We shall discuss the compounds in the order listed above. Lipids are a 
good starting point because they involve hydrocarbon-like properties, and 
such a starting point is common in texts on organic chemistry, which should 
be among those consulted in studying cell composition and the nature of 
organic substrates. As we describe each major class of compounds, we shall 
also discuss its functional groups and some of the reactions in which it may 
be involved. 

Lipids Lipids are organic compounds that are soluble in organic solvents 
such as ether, benzene, acetone, chloroform, hexane, carbon tetrachloride, 
and petroleum ether, and are only sparingly soluble in water. This practical 
definition provided by biological chemists is paralleled by the definition of 
grease provided by sanitary chemists, except that in the latter case the organic 
solvent of choice is freon. This solvent has been selected after much experi¬ 
mentation as the one best suited for use with water, wastewaters, and sludges 
common to the pollution control area. As with the methods used for 
measurement of total organic matter and its combustibility, there will be 
differences in values for lipid analyses because of differences in reagents and 
analytical conditions. 

The lipid content of bacteria varies from 10 to 15 percent of the dry 
weight; it is slightly greater in fungi. Since lipids constitute a significant 
portion of the human diet, they may be expected to form a significant portion 
of the organic matter in municipal wastes. 

Although lipids include a highly heterogeneous mix of organic com¬ 
pounds, it can be seen in Table 3-6 that, for the first two groupings at least, 
there is a common chemical characteristic: simple and compound lipids contain 
fatty acids and alcohols and, for the most part, these are bonded with ester 
linkages. 


Table 3-6 Classes of lipids 


1. Simple lipids. 

a. Fats and oils: esters of various fatty acids and the alcohol glycerol. 

b. Waxes: esters of various fatty acids and various long-chain monohydroxyl alcohols. 

2. Compound lipids. 

a. Phospholipids: esters of various fatty acids and glycerol: they also contain phosphorus 
and nitrogen compounds. 

b. Glycolipids: esters of various fatty acids and alcohols: they also contain a carbohydrate. 

3. Nonsaponifiable lipids: compounds that are soluble in organic solvents but do not contain 
fatty acids (do not yield soaps when subjected to hydrolysis with strong alkali such as NaOH 
or KOH, hence, nonsaponifiable). Sterols, fat-soluble vitamins, and plant pigments are 
included in this subclass. 
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Simple lipids The fats and oils are the most common and the com¬ 
mercially important lipids. They are formed as shown below: 

Alcohol + 3 fatty acids ester + 3PTO 

(glycerol) (triglyceride) 


H 

h— c—o [h; 

H—C—O j Hj + 
H—C—O 'h! 

i - 1 

H 



Glycerol is a fairly small molecule and contributes little to the average 
weight of fat and oil molecules. Generally, the fatty acids are even-numbered, 
straight-chained molecules containing 12 or more carbons and one carboxyl 
group. It might be expected then that the physical and chemical behavior of 
the lipids is determined primarily by the fatty acids. Because of this and the 
fact that they are metabolically important compounds in the aqueous 
environment, it is well to examine them in more detail. 

The fatty acids exist in nature as products of the microbial metabolism of 
various compounds or as partial products of the breakdown of decaying 
animal and vegetable fats. It is seen above that when an ester linkage is made, 
a hydrogen atom from the alcohol and a hydroxyl group from the carboxyl 
group of the acid are removed as water. When the reverse reaction occurs, 
i.e., when the fat is broken down into its constituent parts or hydrolyzed, 
water is added. 

Glycerol is easily oxidized to the carbonyl level (ketone or aldehyde) and 
is readily incorporated into metabolic schemes, which will be discussed later. 
The fatty acids are also metabolized, but their orderly utilization is somewhat 
more involved, and the process is complicated by the fact that all but the very 
short-chain fatty acids are insoluble in water. Only the first four shown in 
Table 3-7 are miscible in water, and solubility thereafter decreases very 
sharply with chain length. /3-Hydroxybutyric acid is soluble, but a 
macromolecular polymer consisting of chains of this compound, called poly- 
/3-hydroxybutyric acid (PHB). is insoluble. Some microorganisms store PHB 
as a source of reserve carbon as animals store fats. 

The low molecular weight acids, particularly acetic, propionic, and buty¬ 
ric, are collectively known as volatile acids because they can be vaporized 
'distilled) at atmospheric pressure. Volatile acid determinations are important 
in environmental and pollution control work because the acids are prominent 
microbial products in the decay of some macromolecules, being produced 




Table 3-7 Some important fatty acids 


Name 

Formula 


Formic 

0 

II 

H—C—OH 


Acetic 

0 

II 

CH,— C— OH 


Propionic 

0 

II 

CH,—CH : — C— OH 


Butyric 

0 

II 

CH,—(CH;) : — C— OH 


jS-Hydroxybutyric 

O 

II 

CH,—CH—CH,— C— OH 

1 


Valeric 

d>H 

0 

II 

CH,—(CH;),—C—OH 


Caproic 

0 

II 

CH,—(CH:)„— C —OH 


Caprylic 

0 

II 

CH,—(CH;) 6 —C—OH 


Capric 

0 

II 

CH 3 —(CH : ) g —C—OH 


Myristic 

0 

II 

CH,—(CH;),;—C—OH 


Palmitic 

0 

II 

CH,—(CH;),„— C—OH 


Palmitoleic 

0 

II 

CH,—(CH:) ? —CH=CH—(CH,),—C—OH 


Stearic 

0 

II 

CH,—<CH:), 6 — C—OH 


Oleic 

0 

II 

CH,—(CH;) 7 —CH=CH—(CH;) 7 —C—OH 


Linoleic 

CH,—(CH;) 4 —CH=CH—CH;—CH=CH—(CH:)r- 

0 

II 

-C—OH 

Linolenic 

0 

II 

CH,—CH : —CH=CH—CH ; -CH=CH—CH : —CH=CH—(CH,),—C-OH 


Numbering system: (a) for carbons, from right to left, carboxyl group = 1; (b) for substituent groups, 
from right to left beginning with first carbon after carboxyl: a, (3, etc., e.g., /3-hydroxybutyric acid. 
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both aerobically and anaerobically but mostly as a result of anaerobic decay. 
They are also sources of food for aerobic microorganisms. The higher 
molecular weight fatty acids occur in microorganisms and in higher plants and 
animals largely as constituents of simple and compound lipids. 

It is seen that some fatty acids contain one, two, or three double bonds 
between -carbon atoms. Like substituent functional groups, double bonds are 
locations of chemical reactivity in molecules, and they also permit a form of 
isomerism known as geometrical isomerism. The term isomerism applies to 
compounds that have the same chemical formula, and in some cases the same 
structural formula, but different space structures. For example, consider the 
formula for oleic acid. Two configurations ( cis and trans ) around the double 
bond are possible (see Fig. 3-6). Oleic acid and elaidic acid have the same 
structural formula but decidedly different physical and chemical properties. 
Various types of isomerism are important in metabolic reactions, since only 
specified spatial structures react in living systems. The great majority of 
unsaturated fatty acids in nature are of the cis form. 

Properties of the Double Bond Two major types of reactions occur at the 
sites of unsaturation (double bonds). Halogenation is the addition of a 
halogen, e.g., chlorine; and hydrogenation involves the addition of hydrogen. 
Other addition reactions, such as the addition of water, also are common. 
Oxidation occurs readily at the double bond. The oxidation may or may not 
lead to cleavage of the bond. 


Halogenation 


C — C— 4 - Ch 


Cl Cl 

I I 

—c—c— 


H H 


H H 


Hydrogenation 



H 

H 

I 

—c=c— + h 2 — 
1 1 

-> — C 

1 

1 

—C — 

1 

H H 

H 

I 

H 


(3-12) 


(3-13) 


The halogenation reaction contributes to the so-called chlorine demand 
when chlorine is used as a microbial disinfectant, i.e., the tying up of 
disinfectant that otherwise would be available to react with biochemically 
functional molecules in the cell. It also can produce chlorinated hydrocarbon 
compounds that may be hazardous to humans. Hydrogenation increases the 
melting point and decreases the solubility of fatty acids and thus of the fats of 
which they are a part. 

Oxidation Fatty acids and unsaturated hydrocarbons (alkenes) generally 
can undergo varying degrees of oxidation. For example, consider the partial 
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CH 3 (CH 2 ) 7 CH =CH(CH 2 ) 7 COOH 
Structural formula 


CH 3 (CH 2 ) 7 


\ / 


C =C and 

C=C 

/ \ 

/ \ 

7 (CH 2 ) 7 COOH 

H 

Oleic acid 

Elaidic acid 

Isomeric forms 


(Cis) 

(Trans) 


,H 

(CH 2 ) 7 COOH 


Figure 3-6 Geometrical isomers with same structural formula made possible by the double bond. 
Oleic acid and most other naturally occurring unsaturated fatty acids have the cis configuration. 


oxidation of ethylene to ethylene glycol (both are important petrochemicals): 

CH.-CH, (3-14) 

I ' I 

OH OH 

ethylene glycol 

Further oxidation of double bonds can cause cleavage of the carbon- 
carbon bond between carbons bearing the hydroxyl groups. Upon such 
cleavage, the carbons can react further with oxygen, leading to production of 
acids and/or carbon dioxide. The reactive shorter acids with four to six 
carbons exhibit offensive odors. A rancid fat or oil develops a disagreeable 
odor, which is due to the oxidative cleavage of higher molecular weight 
unsaturated fatty acids to form lower molecular weight (“stench”) acids. On 
the other hand, some fats such as butter already contain a variety of 
short-chain fatty acids, and these can be released upon simple hydrolysis, i.e., 
oxidation need not occur. This is called hydrolytic rancidity as compared with 
the oxidative rancidity described above. 

Properties of the Carboxyl Group One of the major reactions of the 
carboxyl (acid) group is the reaction with alcohols to form esters 
(esterification) already described. Also, the acid group may participate in 
hydrogen bonding. This group exhibits weak acid properties in aqueous 
solution, since, unlike the strong inorganic acids, they are only slightly 
ionized: 

O O 

II II 

R— C —OH R— C —O” + H* (3-15) 

The degree of dissociation as measured by the dissociation constant 
(ionization constant) K a is defined in accordance with the law of mass action, 
at equilibrium: 


CH 2 = CH 2 - 

ethylene 


KMnOj 


H-.0 
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or more generally 


O 


K a = 


[H'][R—C—0~ 
O 


[R— C— OH] 


K„ = 


[H~][A~] 

[HA] 


(3-16) 


(3-17) 


where [HA] is the activity (molar concentration for practical purposes) of the 
undissociated acid, and [A“] is the concentration of the anion or conjugate 
base. Since the fatty acids are weakly ionized, the value of the denominator 
[HA] will be large and the K a values small. For example, the K a of acetic acid 
is 1.8 x KT 5 . Knowing the value of K a , one can calculate the concentration of 
hydrogen ion and conjugate base for any given initial concentration of acid. 
For example, if one prepared a 0.05-molar solution of acetic acid, the 
concentrations of the three species would be in proportions according to the 
K a value. Letting the hydrogen ion concentration be X, the value of the 
numerator in Eq. (3-16) is X 2 , and the concentration of undissociated acid is 
the solution molarity, 0.05, minus that which has dissociated, i.e., 0.05 -X: 


1.8 x 10" 5 = 


X 2 

0.05 - X 


Solving for X using the quadratic form, 

X = [H~] = 9.4 x 10" 4 M 

Hydrogen ion concentration is often expressed more conveniently in 
terms of pH rather than molarity. pH is the negative logarithm of the 
hydrogen ion concentration: 

pH = log^=-log[H-] (3-18) 

Using Eq. (3-17) and the H^ molarity just calculated, we can find the pH of a 
0.05 M solution of acetic acid: 

pH = -log(9.4 x 10’ 4 ) 

= -log 9.4 + (-log 10“ 4 ) 

= -0.97 + 4 = 3.03 


The slight degree of ionization can be expressed as a percentage: 


/ 9.4 x 10~ 4 \ 
V 0.05 ) 


100= 1.9% 


Thus, less than two molecules per 100 are ionized in a 0.05-molar solution of 
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acetic acid, whereas a strong inorganic acid such as HC1 at the same molar 
concentration is totally ionized. 

Resistance to Changes in pH -Buffering Action Equation (3-17) can be 
used to provide a practical explanation of the buffering characteristics of 
some solutions, i.e., their ability to resist changes in pH. The control of pH 
in biological systems is of extreme importance and, fortunately, many polluted 
waters contain chemical constituents that form natural buffering systems. We 
can solve Eq. (3-17) for the hydrogen ion concentration: 

[H ] = (3-19) 

In order to express [H ] in terms of pH, we take the negative logarithm of 
both sides of the equation: 

„ , [HA] 

-log[H-] = -log K a - log 

P H = pK a + log^j (3-20) 

Note that the negative logarithm of K a is now designated p K a (a designation 
parallel to that for -log[H^]), and the ratio of undissociated acid [HA] to 
ionized conjugate base [A ] has been reversed in order to remove the minus 
sign. Equation (3-20) is known as the Henderson-Hasselbach equation, and it 
is useful in work with microorganisms when it is desired to maintain the pH 
within certain limits. For a given pH and ionization constant (p K a ) for the 

acid involved, one can calculate the ratio of anion to undissociated acid, 

[A~]/[HA], required to yield the desired pH. One must obtain a source of anion in 
order to prepare a solution containing the needed ratio. Such a source is the salt 
of the acid. For example, in the case of acetic acid, sodium acetate is such a salt. 
It is easily formed by adding NaOH to the acid: 

O O 

CH3COH + NaOH CHjCONa + HOH (3-21) 

Sodium acetate ionizes: 

O o 

CH,—CONa CH 3 CO- + Na* (3-22) 

thus supplying the anion, A , needed to provide the required pH. This system 
of anion or salt. A - , and undissociated acid, HA, resists changes in pH 
because of the H"-capturing tendency of the anion when the concentration of 
hydrogen ion is increased and the H”-donating tendency of the acid when the 
concentration of hydrogen ion is effectively decreased. For example, using 
acetic acid, reaction (3-23) is the action of the anion when acid is added: 
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o 

II 

CH,CCr 


T 


o 

II 

CHjCOH 


H* 


(3-23) 


Reaction (3-24) is the action of the acid when hydroxyl ion is added, 
effectively lowering the value of [H'] since H' + OH" ^ H 2 0: 


O 


O 


CH 3 COH 


CH 3 CO + H;0 


OH 


(3-24) 


The presence of both the undissociated acid and its salt has prevented the 
pH from changing; i.e., they have provided a buffer system against any 
change in pH by preventing a change in the concentration of hydrogen ions. 
Obviously, if one kept adding H' (or OH“), the buffer capacity would become 
exhausted because all of the anion, or the acid, could be used up. Or, if the 
ratio of [A']/[HA] was rather one-sided, the system would be poised to resist a 
change in only one direction. For example, if the ratio of [A~]/[HA] were 1/10, 
the system’s ability to buffer against added H', i.e., resist a drop in pH, would 
be near exhaustion. However, the acid has the capacity to form large amounts 
of hydrogen ion to resist the addition of OH' (increase in pH). Often one 
wishes to provide approximately equal protection from changes on both sides 
of the desired pH. Thus, nearly equal concentrations of A' and HA are 
sometimes used. Examination of Eq. (3-20) shows that if [A - ] and [HA] are 
equal, then pH = p K a . Thus, one should choose an acid with a p K a value that 
is fairly close to the pH desired. The ionization constant of acetic acid of 
1.8 x 10' 5 , or p K a of 4.7, is usually too low, so acetic acid should not be used 
in controlling pH during microbial growth. Also, many organisms can 
utilize acetic acid as a carbon and energy source, thus decreasing the capacity 
of the buffer system. For most applications, phosphoric acid (p K a of 
H 2 PO 7 ^ HPO^' is 6 . 8 ) or carbonic acid (p K a of H 2 C0 3 ^ HCOJ is 6.1) is 
suitable. The phosphate buffer system is widely used in microbial growth 
studies. It is emphasized that this added buffer system is used to gain control 
of the pH in laboratory experiments, but it would be too costly and would 
cause eutrophication of the receiving stream if such buffers were used in 
secondary treatment plants. Therefore, pH control in the field is provided by 
continuous measurement of pH and automatic addition of acid or alkali to 
maintain it within the desired limits. 

Soaps Fatty acids containing more than four or five carbon atoms are 
insoluble, but the sodium and potassium salts of long-chain fatty acids are 
soluble. Any salt of a fatty acid may be called a soap, but not all are soluble. 
For example, sodium and potassium palmitate are soluble and are major 
constituents of commercial soaps. However, calcium and magnesium salts of 
fatty acids are insoluble and their formation in “hard” waters, i.e., waters 
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containing high concentrations of these divalent cations, causes a greasy scum 
in the water and excessive use of soap. 

Whereas fatty acids are made by the acid hydrolysis of neutral fats, i.e., 
the reverse of reaction (3-11), soaps are made by alkaline hydrolysis: 


O 

H I! 

HC—O—C—R 
O 

II 

HC—O—C—R + KOH 
O 

HC—O—C—R 
H 


H 

O HC—OH 

3 R—C—OK +HC—OH 
HC—OH 


H 


(3-25) 


Alkaline hydrolysis of lipid material is called saponification. If, upon being 
subjected to alkaline hydrolysis, water-soluble products are not produced, the 
sample of lipid material is categorized as belonging to the nonsaponifiable 
fraction. Thus, alkaline hydrolysis serves to distinguish lipids of types 1 and 2 
from the type 3 lipids of Table 3-6. 

Much has been written about the cleansing action of soaps, since it has 
important ramifications in environmental pollution as well as bacterial 
metabolism. The salts of long-chain or high molecular weight fatty acids are 
unique in that the physical-chemical properties of acids and hydrocarbons are 
so different, and both sets of properties are combined in these molecules. The 
hydrocarbon end is insoluble in water and soluble in lipid materials, such as 
fats, oils, and grease, whereas the carboxyl end is soluble in water and 
insoluble in fats. The soap cleans essentially by dissolving (more correctly, 
emulsifying) greasy materials, which are responsible for preventing water 
from rinsing dirt away from the surfaces to be cleaned. If the surface to be 
cleaned (e.g., the fabric of clothing) is agitated, the grease or oil surfaces are 
mechanically broken up into small droplets, which would rapidly coalesce 
were it not for the fact that the hydrocarbon ends of soap molecules dissolve 
into the droplet. The ionized carboxyl end of the soap, with its negative 
charge, repels other droplets of grease, thus preventing the droplets from 
coalescing, and dissolving or emulsifying them in the water, which can then be 
flushed away (see Fig. 3-7). 

The power of soaps to dissolve or emulsify lipid materials has important 
ramifications in microbial growth. The membranes of all microorganisms (and 
the walls of some) contain lipid materials (see Chap. 4), and the dissolution by 
soaps and other surface-active agents of this essential structure may play a 
role in their disinfecting power. Also, the protruding charge of the carboxyl 
group can change the electric charge on the cell surface, and this could affect 
the agglutinating or flocculating characteristics of the cells. Microbial cells 
generally carry a negative charge, and protruding carboxyl groups can make 
the charge on the cell surface more negative, thus hampering flocculation. 
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Figure 3-7 Oil droplets in aqueous suspension are prevented from coalescing: i.e.. they remain 
emulsified due to the outward orientation of the negatively charged hydrophilic carboxyl ends of 
the soap molecules. 

Anything that tends to stabilize microbial cells in suspension is at odds with 
the process in the secondary settling tank in biological treatment plants. 

Waxes Waxes are found in animal and plant materials. In nature, one of 
their major roles is the formation of a protective coating on animal surfaces 
such as feathers, hair, and wool, and in plants they are found on stems, 
leaves, and fruits. They are much more resistant to microbial decay than are 
other lipids, hence their role as protective coatings. One of their major 
commercial uses is as protective coatings of a sort, e.g., floor and auto waxes. 
Carnauba wax from palm leaves is an ester of the 28-carbon montanyl alcohol 
and the 26-carbon cerotic acid and is an important ingredient in commercial 
waxes. Waxes are not found as constituents of microorganisms, but they do 
serve as a carbon source and are subject to microbial decay. 

Compound lipids The compound lipids are of two general types: phospho¬ 
lipids and glycolipids. The phospholipids are found in all microorganisms, 
plants, and animals, but the glycolipids are found primarily in animals and 
occur in only a few types of microorganisms. 

Phospholipids (Phosphatides) The phospholipids commonly found in 
microorganisms are derivatives of glycerol phosphate and can be represented 
by the general structure shown in Fig. 3-8A. They contain many different fatty 
acids, represented by R, and R : , most frequently with 16 or 18 carbons, 
saturated or unsaturated. In bacteria, the substituent attached to phosphate by 
an ester bond is most frequently ethanolamine. Choline, serine, and inositol 
are attached to phosphate in other types of phospholipids. These substituents 
give the groups of phospholipids their names; e.g., a phospholipid containing 
serine is a phosphatidylserine. 
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Figure 3-8 Essential structural features of phospholipids, steroids, and carotenes. 
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Glycolipids These are a class of lipids that contain sugars and fatty acids. 
One type of glycolipid contains no glycerol but may contain a long-chain 
alcohol. The sphingolipids contain the 18-carbon amino alcohol sphingosine. 
These compounds are found in brain tissue (hence, they are often called 
cerebrosides) and in nerve tissue. They can serve as a microbial carbon 
source in the decay leg of the carbon-oxygen cycle but are not constituents of 
microorganisms. 

Glycolipids of a different type are found in the membranes of algae and 
cyanobacteria. These are glycerol-containing lipids with two fatty acids and 
one or two molecules of galactose. 

Nonsaponifiable Lipids This class includes a wide variety of compounds 
that constitute a relatively small percentage (approximately 2 per cent) of all 
lipids found in the biosphere. They include the steroids, plant pigments, and 
fat-soluble vitamins. 

Steroids are built upon a four-membered ring system called cyclo- 
pentanoperhydrophenanthrene (see Fig. 3-8 B). Many different types of steroid 
compounds are found in nature. They occur in animals and large plants and in 
various types of microorganisms, yeasts, and fungi, but not in bacteria. 
Steroids include such compounds as cholesterol, the bile acids (e.g., cholic 
acid), sex hormones (e.g., testosterone, progesterone, estradiol), and ad¬ 
renocortical hormones (e.g., cortisone). 

The carotenoids are a type of lipid derived from /3-carotene, which is 
shown in Fig. 3-8D. They are found in many bacteria, usually associated with 
the cell membrane (see Chap. 4), and they are responsible for the orange color 
of carrots. Carotenoids are related to the compound isoprene (See Fig. 3-8C), 
which is seen in Fig. 3-8D to be a repeating unit in /3-carotene. Dozens of 
variations of carotenoids similar to carotene are found in the biosphere. 

Carbohydrates It will be recalled that in the photosynthetic leg of the 
carbon-oxygen cycle, carbon dioxide and water are converted first into carbo¬ 
hydrate. Thus, the pivotal role of carbohydrates as the building material for 
the carbon structure of all other organic matter in the biosphere is apparent. 
We shall see later that carbohydrate also plays a central role in the metabol¬ 
ism of the organotrophic organisms as well as the photosynthetic organisms. 
While the carbohydrate content of microorganisms may vary from 15 to 35 
percent of the dry weight, the carbohydrate content of macroscopic plants 
may vary between 60 and 90 percent of their dry weight. Carbohydrates 
comprise well over 50 percent of the average human diet, and they are 
important natural and synthetic materials in construction and in various 
manufacturing industries. 

Carbohydrates contain large numbers of hydroxyl groups. Also, they are 
centrally situated in regard to oxidation level; i.e., they may be reduced to 
alcohols (called sugar alcohols) or oxidized to acids (called sugar acids). 
They are either aldehydes (in which case they are called aldoses) or ketones 
(ketoses). Thus, a precise definition of carbohydrates is that they are poly- 
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hydroxyl aldehydes or ketones. Since the smallest ketone must contain at least 
three carbon atoms, the smallest monosaccharides are trioses (see Fig. 3-9). 

By adding carbon atoms to each of the trioses, a series of sugars is 
expanded from trioses (C,) to tetroses (C 4 ), pentoses (C 5 ), hexoses (C 6 ), and 
heptoses (C 7 ). There are only a few naturally occurring C 7 sugars, and these 
are ketoses. Sedoheptulose is the metabolically significant C- sugar. These 
small carbohydrate molecules are called monosaccharides, and they comprise 
the monomers from which complex carbohydrates are made. 

The monosaccharides are joined together by glycosidic bonds (see Table 
3-5). The general class name to describe molecules consisting of two or more 
monosaccharide units is oligosaccharides. They may be disaccharides, trisac¬ 
charides, tetrasaccharides, etc. The disaccharides are by far the most pre¬ 
valent of these intermediate-length carbohydrates. Most of the carbohydrates 
in nature and in microorganisms consist of a very large number of monosac¬ 
charides joined by glycosidic bonds, and these are referred to as polysac¬ 
charides. 

Monosaccharides Like the lipids, the carbohydrates are three-dimensional 
structures that may be represented by elements and functional groups con¬ 
nected by “girders and beams,” the covalent bonds. Thus, glyceraldehyde can 
be represented by the three-dimensional structure shown in Fig. 3-10. 

The stick formula for glyceraldehyde given in Fig. 3-9 is a horizontal 
(two-dimensional) projection of the space model shown to the left in Fig. 3-10, 
i.e., D(+)-glyceraldehyde. If one were viewing not the model at the left but its 
reflection in a mirror, the image would be the model shown on the right side. 
The only difference is the reversal of H and OH groups. Both forms of these 
sugars exist in nature, and this small difference can affect the chemical 
reactivity of the compound. The small structural difference also affects the 
way in which a beam of polarized light is bent when passed through a solution 
of the compound. Compounds with this property are called optically active-, if 
the polarized light is bent to the right, the compound is called dextrorotatory 
(indicated by +), and if to the left, levorotatory (indicated by —). If one had a 
solution containing equal numbers of molecules of both forms, the effects 
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D(+)Glyceraldehyde L(-) Glyceraldehyde 

Figure 3-10 Model of glyceraldehyde. The l form is a mirror image of the D form. 


would cancel out; there would be no rotation of light, and the solution would 
be called a racemic mixture. The two forms (mirror images) are called 
enantiomorphs. They rotate light to the same degree but in opposite direc¬ 
tions. 

All compounds that have one or more carbons to which four different 
substituents are attached, thus permitting more than one geometrical shape, 
can rotate a beam of polarized light. Such a carbon atom is called an 
asymmetric carbon. 

Examination of the formula for glyceraldehyde shows that it contains one 
asymmetric carbon. The corresponding ketotriose, dihydroxyacetone, has no 
such asymmetric carbon. 

It is seen in Fig. 3-10 that the letters d and l are used in addition to (+) 
and (-) in labeling enantiomorphs. Glyceraldehyde begins a series of sugars 
of increasing carbon-chain length. Each member of the series has its enan- 
tiomorphic counterpart (mirror image). Arbitrarily, all sugars with the OH 
written to the right side on the asymmetric carbon farthest removed from 
either the aldehyde or the ketone group are designated d. If the OH is written 
on the left, it is an l sugar. For all of the sugars, this asymmetric carbon is the 
next to last (the penultimate) carbon in the horizontal projection. 

After deciding on the d and l designation, it was found that some sugars 
labeled d were levorotatory and vice versa, so it has become necessary to use 
both d and l and (+) and (-) to designate series derivation (d or l) and light 
rotation, dextrorotatory, +, or levorotatory, —. 

In the biosphere, the d series of simple sugars (monosaccharides) is 
important. Figure 3-11 shows the development of this series. The highlighted 
sugars are those of greatest metabolic importance. In the series derived from 
D(+)-glyceraldehyde, there are two tetroses, four pentoses, and eight hexoses. 
Also, a count of asymmetric carbons reveals two in tetroses, three in 
pentoses, and four in hexoses. Note that the OH group on the penultimate 
carbon is to the right in each sugar. 


l)(+)-Glyceraldehyde 
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A series of ketoses also exists; there are some commonly occurring, 
metabolically important ketomonosaccharides that will be discussed later. 

Cyclic (Ring) Structures of Monosaccharides Carbohydrates exhibit 
properties of aldehydes and ketones as well as alcohols, and the carbonyl 
group can react with water and with alcohols. The products are known as 
acetals and have the general formula shown to the right in Eq. (3-26): 

H H 

R—C=0 + 2HOR' R—C—OR' + H->0 (3-26) 

i 

OR' 

aldehyde alcohol acetal 

The above reaction occurs in the presence of an acid catalyst and excess 
alcohol. In the absence of excess alcohol and a catalyst, an unstable inter¬ 
mediate is produced, as shown in Eq. (3-27): 

H H 

R—C=0 + HOR' —=t R—C— OH (3-27) 

OR' 

aldehyde alcohol hemiacetal 

Since the monosaccharides contain both carbonyl and alcohol groups, 
there is a possibility for the formation of an intramolecular hemiacetal, a ring 
structure. The modes of designation of ring structures are illustrated using 
glucose in Fig. 3-12. The space model (B) shows the proximity of the oxygen 
of the carbonyl carbon, C|, and the OH group on C 5 . Hence, the formation of the 
six-membered ring structure involving Ci and Cj. This ring structure is typical of 
the other aldohexoses as well. Sugars that form such six-membered rings are 
called pyranoses because of their relation to the compound pyran. 

The sugar fructose, which is a ketohexose, can exist in a five- as well as a 
six-membered ring form. The five-membered ring, which occurs more com¬ 
monly, is shown in Fig. 3-13. Sugars that form such five-membered rings are 
called furanoses because the ring form resembles the compound furan. 
Aldopentoses also form five-membered (furanose) structures; the aldopentose 
ribose is shown in Fig. 3-14. 

It can be seen from the space model representation in Fig. 3-12 B that the 
two-dimensional structural formula of Fig. 3-12A showing a straight chain is 
useful but does not really describe the molecule. It is particularly ineffective 
when we consider the ring structure. The ring structure shown in the lower 
right portion of the figure represents a bird's-eye view of a hexagonal 
transparent tabletop or slab. Carbons 1 through 5 and the oxygen atom in the 
ring lie in the plane of the slab. The hydroxyl group on carbon-2 lies below 
and the hydrogen above the plane of the slab. Similarly, the hydroxyl is above 


Figure 3-11 The D-aldoses. triose through hexose. Aldoses in heavy boxes are those most commonly 
found in nature and the most metabolically significant. 
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Figure 3-12 Structural representations of D(+)-glucose. Open-chain (Fischer) structural formula 
(A), open-chain space model (B), cyclic form (C), ring form (D). 
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Figure 3-13 Open-chain (A) and ring 
form ( B) D-fructose. 
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Figure 3-14 Open-chain (.4) and ring form 
(6) D-ribose. 


and the hydrogen below carbon-3. This, too, is not as true a representation of 
the structure of the molecule as a space model because, for one thing, carbons 
1 through 5 do not really lie in the same plane. However, it is more 
representative than the horizontal projection or structural formula in Fig. 
3-12C to its left. In order to abbreviate such formulas, neither the carbons nor 
the hydrogens in the ring are usually written. Thus, the ring form may be 
written as shown in Fig. 3-15. This is in accord with the convention suggested 
by Haworth. 

Mutarotation Examination of the structural ring formula of glucose 
reveals that the formation of the ring has created an additional asymmetric 
carbon. Carbon-1 is now asymmetric; therefore, the ring form should exist in 
two stereoisomers. When D(+)-glucose is dissolved in water, it exists mainly 
as a mixture of the two isomeric ring structures with a very small fraction in 
the open-chain (aldehyde) form as shown in Fig. 3-16. One of the ring 
structures, a. has an optical rotation of ^112°. and the other. /3. an optical 
rotation of +19°. After a time, an equilibrium mixture is attained with an 
optical rotation of +53°. At equilibrium, the mixture contains traces of the 
aldehyde form but consists essentially of the two ring forms, 63 percent (3 and 
37 percent a. In writing these structures, the OH on Ci is written on the 
downward side to designate the a form and on the upward side to designate 
the f3 form. It can be seen that the structure of a simple compound like 
glucose is a specific yet variable group of three-dimensional entities in space. 
In a relatively weak solution of lOOmg/L of glucose in water, there would be 
more than 3x 10 :H molecules [i.e.. (6.02 x 10 : ')/1800] milling about, propor¬ 
tioned between the a, /3. and open-chain space structures described above. 
For these molecules to be used as a source of nutrition by microorganisms in 


ch 2 oh 



Figure 3-15 Haworth projection of D-glucose. The C and H atoms in 
the ring are omitted. 
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6 



Figure 3-16 Mutarotation of glucose. 


that space, there must be contact and specific binding (reaction) with specific 
molecules of the microorganisms. These reactions occur only if the molecules 
are in the correct spatial configuration and the correct juxtaposition to permit 
the reactions to occur. In some cases, only the /3 form will react. In such 
cases, all of the glucose is used only because the removal of some of the /3 
form forces the reaction to be pulled away from the equilibrium condition 
described above toward the /3 form. 

Sugar Derivatives While monosaccharides can be changed to sugar alco¬ 
hols and acids by reactions of the aldehyde and ketone groups, other forms of 
derived carbohydrates can be produced by reactions of the hydroxylated 
carbons. Examples of some important sugar derivatives found in nature are 
shown in Fig. 3-17. 

Oxidation may take place at the aldehyde or keto group, as in the case of 
gluconic acid as shown, or at other positions. Reduction of the aldehyde group 
of glucose yields sorbitol. Substitution of an amino group for a hydroxyl leads 
to the production of an amino sugar, e.g., glucosamine. Substitution of H for 
the OH on the C 2 of ribose yields deoxyribose, which is one of the carbohydrates 
essential to all living organisms because it is a component of the genetic material. 

Oligosaccharides—disaccharides By far the most important oligosaccharides 
in nature are the disaccharides, and these are the only ones we shall consider. 
The identity of a disaccharide derives from the specific monosaccharides of 
which it is composed and the nature of the bond between them. All the 
important ones considered here have the molecular formula C 12 H 22 O 11 ; i.e., 
they are the sum of two hexoses minus H 2 0. They are structural isomers and 
all are composed of hexoses. When a disaccharide is hydrolyzed, it yields two 
molecules of hexose. 

It will be recalled that the hemiacetal ring form of monosaccharides is an 
unstable intermediate in the formation of acetals [see Eqs. (3-26) and (3-27), 
and Fig. 3-16], If one reacts a hexose hemicetal, e.g., glucose, with an alcohol 
such as methanol, an acetal is formed at carbon-1, the potential aldehyde 
position, as shown in Fig. 3-18; such an acetal is called a glucoside. The 
C-O-C bond that joins the two parts of the acetal is called a glycosidic 
linkage. In a disaccharide, an alcoholic group of another monosaccharide is 
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Figure 3-17 Some important sugar derivatives. 
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joined in glycosidic linkage rather than that of methanol. Thus, all glycosidic 
linkages involve the potential aldehyde or ketone carbon of one monosac¬ 
charide and a hydroxyl carbon of another monosaccharide. 

Important Disaccharides. Maltose is an important disaccharide mainly 
because it is a breakdown product of a much longer polysaccharide, starch, 
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Figure 3-19 Formation of maltose, a, 1 -»4 glucoside. 


which is composed of glucose molecules. Maltose consists of two molecules 
of a-D(+)-glucose joined in a glycosidic bond, as shown in Fig. 3-19. 

If we call carbon-1 the head of the molecule, we note that both of the 
a-D(+)-glucose molecules are facing to the right in Fig. 3-19; that is, they are 
lined up head to tail. When these are joined as shown, the C| of one glucose 
molecule is joined to the C 4 of the other, and water has been released. Note 
that the OH on the C ( involved in the glycosidic bond is in the a (downward) 
position. The bond is named from left to right, so it is an a,l -»4 glycosidic 
bond uniting the two molecules of glucose. This bond is characteristic of 
maltose. Note that the maltose formed is a-maltose, because the OH on the 
Ci that is not involved in the bond is in the a position. Maltose, like glucose 
and other carbohydrates, is subject to mutarotation; that is, the potential 
aldehyde at the head of the molecule can exist in the open chain and the chain 
can be closed to the /3 or the a position. 

Cellobiose is an important disaccharide mainly because it is a breakdown 
product of a much longer polysaccharide, cellulose, which is composed of 
glucose molecules. It is similar to maltose, with the exception that the 
glycosidic bond between the two glucose units is a /3,l->4 bond (see Fig. 
3-20). 

Lactose is an important disaccharide found naturally in mammalian milk 
(approximately 5 percent). It is therefore quite commonly found in dairy 
wastes and in household wastes as well. Its nutritive value is especially useful 
in the manufacture of infant foods, and it is a useful substrate in the 
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Figure 3-20 Formation of cellobiose. /3.1 -»4 glucoside. 
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production of pharmaceutical products. It is composed of a molecule of 
/3-D(+)-galactose and one of a-D(+)-glucose joined in a /3,l-»4 glycosidic 
linkage, as shown in Fig. 3-21. Like maltose, a-lactose exists in equilibrium 
with its (3 form. 

Sucrose is familiar to all as table sugar. Its occurrence in municipal 
wastes is therefore to be expected. Wastewaters from sugar refinery opera¬ 
tions consist almost entirely of sucrose. The juices of sugarcane and sugar 
beets contain 15 to 20 percent sucrose. Wastes from fruit and vegetable 
canning operations also contain sucrose. It is composed of a-D-glucose and 
/3-D-fructose united in an a, 1 ->2 linkage (see Fig. 3-22). 

Sucrose differs from the disaccharides just described in that the mono¬ 
saccharides are aligned head to head. As a result, the potential aldehyde group 
of the glucose and the keto group of the fructose portion are tied up in the 
bond. Therefore, sucrose does not exhibit mutarotation and there are no a 
and /3 forms. 

Since there can be no open chain for exposing the aldehyde or ketone 
group, sucrose does not give the typical reactions of aldehydes and ketones 
that are often used in analyses of sugars. The open-chain forms are easily 
oxidized by cupric ion under mildly alkaline conditions; i.e., they reduce the 
cupric to cuprous copper. Thus, they are called reducing sugars, and both 
qualitative and quantitative methods of analysis utilize this property. Sucrose 
is not a reducing sugar. 

Polysaccharides Thus far we have been discussing fairly small molecules with 
molecular weights of a few hundred. Polysaccharides are extremely large 


ch 2 oh ch 2 oh ch : oh ch : oh 



Figure 3-21 Formation of lactose. /3.1 -*4 galactoside. 
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Figure 3-22 Formation of sucrose, a.l -»2 glucoside. 
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molecules—macromolecules. Most of the carbohydrates in the biosphere exist 
as such macromolecules, with molecular weights ranging from 25,000 to 15 
million. They consist for the most part of simple sugars and derived sugars 
linked together by glycosidic bonds. They are insoluble and form colloidal 
suspensions in water. They do not taste sweet, and they exhibit little or no 
reducing power. There are polysaccharides consisting of pentoses (pentosans) 
and hexoses (hexosans), and others contain several different monosaccharides 
as well as sugar derivatives. There is a wide variety of polysaccharides, but 
the most abundant are those consisting of glucose units. The most important 
of these are starches, glycogen, and cellulose. 

Starch is made and stored in large amounts by plants, which use it as a 
reserve food store. Starches, in turn, are a major food material for plant¬ 
eating animals and human beings. Most of the glucose units are linked head to 
tail in a, l-»4 glycosidic bonds; some are linked a,l-»6, thus providing 
branching points in the molecule. Figure 3-23,4 shows the branching structure; 
each glucose unit is represented by a circle. The details of the a,l-»4 and 
a,1^6 glycosidic bonding of glucose units are shown in Fig. 3-23 B. Ap- 



Figure 3-23 Starch molecule, amylopectin: (A) branched structure. (B) a,l ->4 glucosidic linkages 
and a.l -»6 branching points. 
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proximately 10 to 20 percent of naturally occurring starch exists as a linear, 
but coiled, chain of a, l-»4 linked glucose units. This type of starch is called 
amylose. Most of the starch in nature is of the branched type shown in Fig. 
3-23 and is called amylopectin. Amylose molecules may vary in length from 
200 to 3000 glucose units, whereas amylopectin molecules are larger, with 300 
to 6000 glucose units; thus, the molecular weight of amylopectin may ap¬ 
proach 1 million. 

Glycogen is the name given to a class of polysaccharides synthesized by 
animals and some microorganisms as a source of stored energy and carbon. It 
is similar to the amylopectins but is more branched and has a higher 
molecular weight, in the range of 1 to 4 million. 

Cellulose is the most abundant carbohydrate in the biosphere; in fact, it is 
the most abundant source of organic carbon. It is a fibrous carbohydrate 
found mainly in plant cell walls. Wood is approximately 50 percent cellulose, 
and cotton is essentially pure cellulose. Cellulose is not easily subject to 
decay, hence its value as a material of construction. As with other polysac¬ 
charides, it exists in various chain lengths and molecular weights (2000 to 3000 
glucose residues). It is a nonbranched polymer of glucose units linked in 
(8,1 -»4 bonding; thus, it may be considered as made of units of cellobiose. 

The major source of cellulose in municipal wastewaters is paper. Paper is 
pulped wood, which is subsequently re-formed into sheets and forms of 
varying thickness and strength. Pulping may be accomplished by purely 
mechanical means (grinding of logs), or the wood may be cooked with various 
chemicals (chemical pulping) that loosen the cellulose fibers from the lignin 
that binds them together in the wood. This is a harsher treatment than 
mechanical pulping and frees the cellulose from the remainder of the wood. 
The very finest papers consist almost wholly of cellulose, so approximately 
half of the tree is solubilized and dissolved in the cooking liquor. If it were 
not for the fact that the water is evaporated and organics burned off in 
recovery systems designed to reuse or recover some of the cooking chem¬ 
icals, a pulp plant effluent would contain a pound of waste organic matter for 
each pound of dry paper produced. Relatively low concentrations of these 
organics do escqpe into the effluent from pulp-washing operations. The 
organic matter consists largely of lignin, which is not readily biodegradable 
and therefore does not stress the natural pace of aerobic decay, but some 
sugars and low molecular weight acids are also washed from the pulp, and 
these must be subjected to secondary treatment prior to discharge of the 
effluent to the natural water course. Thus, it can be seen that in the manufac¬ 
ture of this cellulosic product, it is not so much loss of product in the effluent 
that causes a potential environmental pollution problem but discarding of an 
unwanted portion of the raw material. This is true of some other industries as 
well, e.g., slaughterhouse and meat-packing wastes. However, in others, the 
waste organic materials subject to aerobic decay may be unusable by¬ 
products of the manufacturing process, not unwanted portions of the original 
raw material, e.g., wastes from the fermentation industries. 
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These aspects are mentioned here to emphasize that the nature of the 
organic matter that finds its way into the decay leg of the carbon-oxygen 
cycle is dependent largely on the nature of the original raw material and the 
process by which the waste is produced. Thus, waste materials from one 
industry will differ greatly from those of another. Fewer differences in the 
composition of various municipal wastes are to be expected since the major 
“processes” producing these wastes are the normal living habits of people. 
Although there are vast differences and inequalities among us, the processes 
by which we produce aqueous wastes are pretty much the same. To under¬ 
stand why the composition of municipal waste is what it is and how it can 
vary, we study biochemistry and sociology, because they relate to the 
processes by which the waste is produced. On the other hand, to gain 
knowledge of the reasons for the composition and variable nature of in¬ 
dustrial wastes, it is essential to study the manufacturing processes by which 
they are produced. This is an essential point of beginning for any environ¬ 
mental professional who hopes to solve industrial waste pollution problems. 
Useful information on the process industries and their wastes can be found in 
the appropriate references given at the end of this chapter (Nemerow, 1971, 
1978; Shreve, 1967). 

A few species of microorganisms can produce cellulose, but they account 
for a very small fraction of the cellulose in the biosphere. Also, a few species 
can metabolize cellulose anaerobically, and fewer yet can metabolize it 
aerobically. However, the fact that cellulose is not readily attacked by a wide 
variety of microorganisms is little consolation to the sports enthusiast who 
discovers that his or her tent has rotted after storage in the basement or, more 
important, to service organizations that discover that the cotton fabric of 
clothing and other supplies has rotted in storage. Such biological corrosion 
occurred in alarming proportions during World War II in the Pacific theater of 
operations and led to extensive research as to its cause and prevention. 
Various strains of fungi produce large amounts of enzyme(s) called cellulases 
that hydrolyze cellulose to glucose, which is then metabolized by the fungi 
and many other microorganisms as well. 

Polysaccharides other than those described above are widely distributed 
in plants and microorganisms. The pentosan xylan consists of units of xylose. 
It occurs in wood along with cellulose. Araban is a pentosan consisting of 
arabinose units. Levan (levulan) is a polymer of fructose units and is 
produced by some bacteria. Dextran is a branched bacterial polysaccharide 
consisting of glucose units like amylopectin or glycogen but linked a,l^»6 
rather than l-»4 with occasional branching points linked l-»4 and l->3. 
Other polysaccharides, called mucopolysaccharides, contain amino sugars. 

Analytical determination of carbohydrates Various analyses are available for 
the quantitative estimation of various types of carbohydrates, e.g., hexose, 
pentose, aldose, and ketose. Also, there are enzymic analyses for specific 
compounds, e.g., glucose, galactose. All such analyses can be useful for 
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specific investigations, but the environmental scientist is usually interested in 
assessing the total amount of carbohydrate. For example, one would like a 
test comparable to the extraction procedure for measuring the total amount of 
lipids, i.e., fats, oil, and grease, previously described in Standard Methods 
(APHA, 1976). Standard Methods does not yet include a way to measure 
amounts of carbohydrate; however, such a test has been successfully adapted 
by investigators in the environmental area. The method involves the use of 
the compound anthrone. Under strongly acid conditions, all carbohydrates in 
a sample can be hydrolyzed to monosaccharides. Pentoses are then converted 
to furfural and hexoses to 5-hydroxymethylfurfural. These products form a 
blue complex in the presence of anthrone. The intensity of the color is 
proportional to the concentration of carbohydrate present in the sample 
(Neish 1952; Ramanathan et ah. 1969). 

Proteins Proteins constitute the most complex types of organic matter found 
in the biosphere, and they are an essential part of all living matter. The 
protein content of microorganisms can vary from species to species and with 
environmental conditions, but in general the protein content of procaryotic 
cells ranges between 40 and 60 percent of the dry weight. 

Some proteins function as structural components, e.g., in cell walls and 
membranes in microorganisms, in the internal and external membranes of 
animal cells, and as major components of skin and hair. Other functions are 
motility, e.g., flagella and cilia in microorganisms, and contraction as in 
muscles. Antibodies and hormones are proteinaceous; protein is the major 
constituent of animal and plant viruses; blood contains a large proportion of 
protein. Also, the biological catalysts that control the rates of biochemical 
reactions in all living cells, the enzymes, are proteins. Since protein is such a 
major component of animals and is the most prized dietary constituent, it is 
also a major component of municipal wastewaters and certain industrial 
wastes, e.g., slaughterhouse and meat-packing wastes and dairy wastes. 

From the above comments it can be appreciated that proteins represent a 
wide array of molecules of different types, and classification is rather difficult. 
In general, proteins can be divided into two broad categories: simple proteins 
and conjugated proteins. 

Simple proteins All simple proteins are polymers of a-amino acids joined 
together by peptide bonds (see Table 3-5). The length of the polymers varies, 
so that molecular weights of proteins can vary from a few thousand to several 
million. The chemical characteristics common to all simple proteins are 
peptide bonds and nitrogen content. All proteins contain approximately 16 
percent nitrogen. Simple proteins have traditionally been subclassified ac¬ 
cording to their solubility in water and various solvents; thus, the albumins 
(found in egg whites and blood), which are soluble in water and in dilute salt 
solution, are distinguished from globulins, which are insoluble in water but 
soluble in dilute salt solutions. Categorizing proteins on the basis of solubility 
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in water and various solvents dates back to early studies on proteinaceous 
materials, and these older classifications are used less and less in protein 
nomenclature. 


Conjugated proteins Conjugated proteins consist of simple proteins chemic¬ 
ally bound to various nonprotein constitutents. These are subclassified in 
accordance with the nature of the nonprotein component. 

Lipoproteins are proteins bound to lipids. The lipids are generally choles¬ 
terol esters and phospholipids. 

Glycoproteins consist of carbohydrates or derived carbohydrates bound 
to protein. 

Phosphoproteins contain phosphoric acid. Casein, a constituent of milk, 
is an example of this type of conjugated protein. 

Chromoproteins contain a pigmented compound; hemoglobin, found in 
blood, consists of a simple protein portion (globin) and heme, an iron- 
containing pigment. 


Structure and properties of proteins Even though proteins exhibit tremendous 
variety, they are all built up of the relatively few amino acids shown in Table 
3-8. A general formula for an amino acid is shown below: 


H O 

R— a C—C—OH 


nh 2 


The amino acids differ in the structure of the side chain R but, with the 
exception of proline and hydroxyproline, share a common feature: they 
contain an amino group on the a-carbon, i.e., the carbon adjacent to the 
carboxyl carbon. In proline and hydroxyproline, the a-nitrogen is in the ring 
(see Table 3-8), and these are called a-imino acids. With the exception of 
glycine, the a-carbon is asymmetric; thus, there are optical isomers, enan- 
tiomorphs, for amino acids, just as there are for other compounds, e.g., 
carbohydrates. Consider the two forms shown below and compare them with 
d- and L-glyceraldehyde. 


y 

HC—NH 2 
R 


H V° 

H,N—CH 


D-amino acid 


L-amino acid 


Unlike the sugars, the naturally occurring amino acids in proteins belong 
to the l series. However, many D-amino acids occur in nature—in microbial 
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cell walls, in some antibiotic compounds produced by microorganisms, and in 
the capsular materials of some cells. 

Properties and Reactions of Amino Acids Amino acids are soluble in 
water and insoluble in nonpolar organic solvents. We shall consider two 
reactions and the ionizing characteristics of aqueous solutions of amino acids. 

The most important reactions are those between the carboxyl group of 
one amino acid and the a-amino group of another to form the peptide bonds 
characteristic of proteins: 


R O 


R' O 


HN—CH—C-fOH + H N—CH—C—OH 
H -H 


HiO 


H,0 


(3-28) 


r ■ o 


R' O 


HN—CH-p-C—N-j—CH—C—OH 
H , Hi 


peptide bond 

Protein consists of many amino acids bound together by peptide bonds. 
The peptide formed in reaction (3-28) could react with other amino acids, 
building up a polypeptide; proteins are such polypeptides. The reverse of the 
reaction is recognized as hydrolysis of the peptide. Amino acids can also 
undergo reactions typical of organic acids. Thus, they can form esters with 
alcohols. The amino acids are not very volatile, but their esters are to varying 
degrees, offering one means of separating them for analysis. 

The ionizing characteristics of amino acids also offer a means of separat¬ 
ing them. The following discussion of this characteristic will help to explain 
the behavior of proteins and will aid in the understanding of similar behavior 
by nonorganic compounds of environmental interest. 

As with other organic acids, the carboxyl group of amino acids ionizes in 
aqueous solution: 


O O 

II II 

R—C —OH R—C —O' + H“ 

The basic amino group also ionizes in solution: 


(3-29) 


R—NHi + H'^R- NH, 


(3-30) 






Table 3-8 The amino acids 


Classification 


Name Structure 


Abbreviation 


I. Aliphatic 

Hydrocarbon in side Glycine 

chain 


pH]—CH—COOH 


NH, 


Alanine 


Valine 


Leucine 


Isoleucine 


Hydroxy group in side Serine 

chain 


|CH,] —CH—COOH 
NH, 



|-CH—COOH 
NH, 


CH 



X CH—CH, 


/ 

CH 



COOH 


NH; 


CH,—CH;—CH |—CH—COOH 
NH, 


I 


CH 


HO—CH; 


-CH—COOH 

i 

NH; 


Gly 


Ala 


Val 


Leu 


lieu 


Ser 


Remarks 


Only amino acid without an 
asymmetric carbon 


Dietary essential in humans 


Dietary essential 


Dietary essential 


OH group available for 
ester formation 







Thconine 


Carboxyl group in side 
chain 


Aspartic 

acid 


Glutamic 

acid 


Amide group in side Asparagine 

chain 


Glutamine 


Basic group in side Lysine 

chain 


Arginine 


CH,—CH -CH—COOH 

I I 

OH NH, 


Thr 


HOOC—CH 


—CH—COOH 

I 

NH; 


Asp 


HOOC—CH 2 —CH 2 1—CH—COOH 
NH, 


O 

II 

H,N—C—CH : 


-CH -COOH 

I 

NH, 


Glu 


AspNH, 


O 

II 

H?N- C—CH,—CH, 


-CH—COOH 
NH, 


GluNH, 


H 2 N-(CH 2 ) 4 


—CH—COOH 

I 

NH, 


NH 

II 

H 2 N—C—NH—(CH 2 ) 


H—COOH 


I.ys 


Arg 


Dietary essential 


Acid reaction 


Acid reaction 


Dietary essential, basic reaction 


Dietary essential, basic reaction, 
contains a guanido group 


NH 









Table 3-8 ( Continued ) 


Classification 


Name Structure 


Abbreviation 


Sulfur atom in side 
chain 


II. Aromatic 

Benzene ring in side 
chain 


Cysteine 


Cystine 


HS—CH 2 


—CH—COOH 

I 

NH, 



Methionine 


Phenylalanine 


Tyrosine 



CySH 


CyS-SCy 


Met 


Phe 


Tyr 


Remarks 

SH group easily oxidized 


Disulfide linkage important 
in determining protein 
structure 


Dietary essential 


Dietary essential, phenolic 
group 


Phenolic group 









Source: Adapted from “Organic and Biological Chemistry”, I. E. Liener, Ronald Press, New York, 1966. 


Dietary essential 


Dietary essential, basic 
reaction, imidazolyl group 


tt-Imino acid 


o-lmino acid 
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At certain pH values, both the acidic and basic groups are ionized and the 
molecule exists as a dipolar ion (zwitterion form, or hybrid ion): 

O 

H || 

R—C—C— Cr 

i 

NHj 

If such an ion were placed in an electric field, i.e., were subjected to elec¬ 
trophoresis, there would be a pH value at which it would migrate to neither 
the cathode (-) nor the anode (+). Its net charge would be 0, and this pH 
value is called the isoelectric point. Its negative and positive charges are 
equal, and at this point of electric neutrality, there is no tendency to move 
toward either pole. The net charge of the amino acid shifts with the pH. 
Under acid conditions, it exists in cationic (+) form, and at alkaline pH values 
in anionic (-) form: 

O O O 

R—C —C—OH R—C — C—O' R—C — C —O" (3-31) 

I H ~ i H I 

NHJ NHJ NH 2 

low pH isoelectric high pH 

point 

(zwitterion) 

Each amino acid has its unique isoelectric point. For basic amino acids, e.g., 
lysine and arginine, this pH value is rather high—in the range of 8 to 11— and 
for the acidic ones, e.g., aspartic and glutamic, it is rather low—pH 2 to 3. For 
those with only one carboxyl and one amino group, the isoelectric point is 
near neutral pH. 

Examination of Eq. (3-31) shows an important fact about amino acids; 
they are compounds that buffer against changes in pH. They act as both 
donors and acceptors of hydrogen ions, as both acids and salts. Each ionizing 
group has its characteristic pK value. Glycine, with one amino and one 
carboxyl group, exhibits two pK values, whereas aspartic acid exhibits three, 
one for each carboxyl group and one for its amino group. 

It is well known that in the biological purification of some industrial 
wastewaters there is need to control the pH (see the discussion of the effect 
of pH on microbial growth in Chap. 5). However, in the biological treatment 
of municipal wastes there is seldom need to control the pH to remain within 
the range 6 to 8, because municipal sewage contains inorganic and organic 
buffering systems. The protein content of sewage is usually such that one can 
expect significant buffering action from its presence. The peptide bonds of 
proteins tie up the a-amino and carboxyl groups, but there are both amino 
groups and acid groups as well as other ionizable groups in the side chains of 
many acids. Ionizable groups other than -NH 2 and -COOH are shown in Fig. 
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NH : NTH 


C =NH 2 " C =NH + H’ 


NH NH 

Guanido group, arginine. pK = 12.5 


OH 0“ 



Phenolic group, tyrosine. pK - 10 


-C CH --C ' -~ CH 

+ H + 


H H 

Imidazolyl group, histidine. pK = 6.0 


HN 


/ 


NH 


HN 




SH S- 


CH : CH; + H* 

I I Figure 3-24 Ionizable groups in amino 

' acid side chains other than amino and 

Sulfide group, cysteine. pK = 8.3 carboxyl groups. 


3-24. Thus, proteins in solution can buffer against changes in pH. Further¬ 
more, the most general initial point of attack when proteinaceous materials 
are used as a microbial carbon source in the process of biological purification 
is their hydrolysis to amino acids outside of the microbial cells by extracel¬ 
lular enzymes, the proteinases. This frees the -NH : and -COOH groups of the 
peptide bond. So even as the proteins are consumed, they can contribute to 
the ability of the system to resist changes in pH. When the majority of 
ionizable groups in the protein or its constituent amino acids in wastewaters 
exhibit pK values near neutrality, the system may exhibit sufficient buffering 
action to maintain a neutral pH without the addition of acid or alkali for pH 
control. It should also be apparent that sludges from secondary treatment 
processes, which consist essentially of microbial cells at approximately 50 
percent protein content, can exhibit considerable buffering capacity when 
subjected to aerobic and anaerobic biological treatment, i.e., sludge digestion. 

Proteins, amino acids, and other dipolar ions are known as amphoteric 
substances. When a solution containing a specific protein is brought to the 
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isoelectric pH value, the net charge on the molecule is 0, and most proteins 
are least soluble and tend to precipitate at the isoelectric pH value. Students 
of environmental science will recognize the similarity of behavior between 
proteins and inorganic amphoteric substances. For example, Al(OH) 3 , the 
precipitate formed during chemical coagulation of turbidity in water by 
addition of hydrated aluminum sulfate [filter alum, A1 2 (S0 4 ) 3 -14H 2 0], exhibits 
a rather restricted pH range, 5 to 7, for good clarification because of the fact 
that it is an amphoteric hydroxide. It ionizes, going back into solution at pH 
values below and above this range. Note the similarity between reactions 
(3-32) and (3-31): 

Al 3+ + 30H~ Al(OH) 3 - H" + A10 2 + H 2 0 (3-32) 

H (ppt) H* 

low pH pH 5-7 high pH 

Primary Structure of Proteins In describing proteins, we have said that 
they are polymers of amino acids joined by peptide bonds. The properties and 
chemical functioning of each of the many different proteins found in the 
biosphere are dependent on the spatial structure of the molecule. Of primary 
consideration in this regard is the sequence of specific amino acids in the 
polymer. The great diversity that is possible can be appreciated by assuming 
that if upon hydrolysis the particular protein in question were found to 
contain one each of 20 different amino acids, the possible number of 
sequencing combinations would be 20! or 2 x 10 18 . When one considers that 
the proteins found in nature consist of many more than 20 amino acid 
residues, and that each of the amino acids may be repeated many times in the 
same molecule, the great variety of possible primary structures is evident. 

Regardless of the variety of amino acid sequences, all protein molecules 
have a common feature; one end has an amino acid in which the a-amino 
group is free of peptide bonding (the N terminal), and the other has a free 
carboxyl end (the C terminal). Figure 3-25 shows N- and C-terminal amino 
acids of a polypeptide chain. Only five amino acids are shown, but one could 
insert 50 or 500 and the backbone of a protein would be the same, that is, a 
strand of peptide linkages from which the various R groups of the amino acids 
protrude into space. This backbone is purposely not drawn as a straight line, 
because the molecule can fold and twist, bringing into play forces leading to 
secondary, tertiary, and quaternary spatial structures. 

Examples of primary structures of specific proteins are shown in Fig. 
3-26. The upper portion shows the amino acid sequence for the enzyme 
lysozyme. This protein is the catalyst that breaks down bacterial cell walls in 
certain species; thus, it can be expected to be found in extended aeration 
activated sludge plants and in aerobic and anaerobic digesters. It consists of a 
single-stranded polypeptide of 129 amino acid residues. Note the N and C 
terminals and that the amino acid residues are numbered beginning with the N 
terminal. Some proteins consist of two polypeptide strands, as seen in the 
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Figure 3-25 Primary structure of proteins. A backbone of peptide linkages forms the polypeptide 
strand. 


lower portion of Fig. 3-26. Represented here is the structure of the bovine 
hormone insulin, which regulates the metabolism of carbohydrates in cows. In 
human insulin there is only a slight change in primary structure; amino acids 
8, 9, and 10 of the A chain are thr-ser-ileu. The two peptide strands are 
bonded together by disulfide bonds formed between cysteine molecules. Also 
in lysozyme, the single strand is folded in a specific way due to disulfide 
bonds. These are features of tertiary structures to be discussed later. The 
primary structure of proteins refers only to the sequence of amino acids in the 
peptide-linked chain. 

Secondary Structure of Proteins As indicated above, there is more to 
protein structure than the sequence of amino acids. Each polypeptide back¬ 
bone has a specific structural conformation in space; that is, the chain is not 
free to bend randomly but has a specific dimensional shape. The peptide- 
bonded backbone may be coiled in springlike fashion or folded and bent in 
various ways. Whatever the shape of the backbone, the forces that give it its 
shape are the relatively weak hydrogen bonds referred to earlier in this 
chapter. The backbone can assume various specific shapes. Some polypeptide 
chains are held in a specific conformation in space by hydrogen bonding with 
another polypeptide chain. Such interchain hydrogen bonding is shown in 
Fig. 3-27. This figure is an isometric representation showing only two poly¬ 
peptides of a pleated sheet. The peptide bonds are in the plane of the sheet, 
and the R groups protrude upward and downward from the folded planes. The 
sheet may consist of many strands of peptide-bonded amino acids. Both N 
terminals may be at the same end (parallel pleated sheet), or the N and C 
terminals may alternate. 

Many protein backbones are shaped in the form of an a helix, like a 
screw or a spiral staircase or a coiled spring. This shape is maintained by 
intrachain hydrogen bonds. Figure 3-28 shows a right-handed a helix; imagine 
the helical peptide backbone twisting around an imaginary pole through the 
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: 1 A Chain 



Figure 3-26 Lysozyme and bovine insulin. 
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Figure 3-27 Folded sheet structure of proteins. Polypeptide strands are linked by hydrogen 
bonds. 


hollow core of the helix. The hydrogen bonds (broken lines) are formed 
between the amino group of one acid and the carbonyl group of the third 
amino acid above it. 

Tertiary Structure of Proteins Thus far we have discussed structures 
contributed by the sequence and number of amino acids (primary) and that 
contributed by hydrogen bonding (secondary). The side chains protruding 
from the peptide helix or pleated sheet also contribute to the special space 
structure of each protein strand. Were it not for reactions of the side chains, 
the space structure of the individual proteins could not be as specific as it has 
been found to be, and the unique functions of certain proteins, e.g.. catalysis 
of specific biochemical reactions, could not occur. In Fig. 3-26 it was seen that 
the single strand of lysozyme is held in a unique folded configuration by 
disulfide bonds that result from the reaction of the -SH groups of the cysteine 
side chain, as shown in Fig. 3-29 A. Strands can also be given specific 
conformations by hydrogen bonding involving the side chains of the amino 
acids. Such a bond between aspartic and glutamic acids is shown in Fig. 
3-29 B. Various other combinations are possible, e.g., tyrosine and histidine, 
serine and aspartic acid. 

Salt linkages can occur in which the amino group of one of the basic 
amino acids reacts with a carbonyl in a side chain of one of the acidic amino 
acids. A salt linkage between lysine and aspartic acid is shown in Fig. 3-29 D. 
The side chains of some amino acids are hydrocarbon in nature and tend to be 
repelled by water (hydrophobic). Isoleucine, phenylalanine, and valine are 
examples. These have a tendency to become associated, and the attraction is 
called a hydrophobic bond. Such a bond between two leucine side chains is 
shown in Fig. 3-29C. 

Quaternary Structure of Proteins Some proteins consist of aggregates of 
subunits, i.e., multiple polypeptides held together in specific conformations by 
noncovalent bonds or surface interactions. Each member of the aggregate 



R 



Figure 3-28 Alpha helix of a protein molecule is a 
coiled chain of amino acid units. The backbones 
of the units form a repeating sequence of atoms of 
carbon (C), oxygen (O), hydrogen (H), and 
nitrogen (N). The R stands for the side chain that 
distinguishes one amino acid from another. The 
configuration of the helix is maintained by 
hydrogen bonds (broken lines). The hydrogen 
atom that participates in each of these bonds is 
not shown. (From Kendrew, 1961.) 
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a Helix (peptide backbone) 



H 



C 



D 

Figure 3-29 Types of bonding forces that contribute tertiary structure to proteins. ( A ) Formation 
of a disulfide bond; ( B ) hydrogen bonding of R groups; (C) hydrophobic bond; ( D ) salt linkage. 
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possesses its unique primary (sequence of amino acids), secondary (hydrogen- 
bonded a helix or folded sheet), and tertiary (fixed three-dimensional shape) 
structure, but in addition, each fits together in a unique spatial arrangement, 
thus providing a fourth level of structure that is important to its function. For 
example, hemoglobin consists of four peptide chains, each of which contains 
a heme prosthetic group. These chains have complementary tertiary struc¬ 
tures and fit closely together. The enzyme lactic acid dehydrogenase, which 
catalyzes the oxidation of pyruvic acid to lactic acid, also consists of four 
subunits. 

Denaturation of Proteins The denaturation of proteins is best under¬ 
stood by first remembering that proteins possess their specific spatial shapes 
(quaternary, tertiary, secondary) because these particular configurations are 
needed for the molecule to perform its unique function in the living world. 
Thus, when denaturation is defined as the altering of the three-dimensional 
shape by breaking down the quaternary, tertiary, or secondary structure of 
the protein, it is also fair to say that it represents changing the molecule from 
its natural or native state, hence denaturation. Denaturation, then, represents 
a breaking of those forces and bonds that provide the secondary and tertiary 
structures, i.e., hydrogen bonds, disulfide bonds, salt linkages, and others. 
Agents that do this are important to the biochemist because they provide 
ways to study the nature of the protein. They are important to the environ¬ 
mental scientist because such agents can kill living systems. Some common 
ways in which protein can be denatured are discussed below. 

The ionization of amino acids, as previously seen, is dependent on pH; 
thus it is expected that changes in pH would disrupt salt linkages. For 
example, consider the salt linkage shown in Fig. 3-29. Under highly acid 
conditions, the carboxyl group of aspartic acid would accept a hydrogen ion 
and the attractive force would no longer exist. Similarly, under highly alkaline 
conditions, lysine would lose a hydrogen ion and the attractive force would no 
longer exist. 

Heat and other forms of energy such as ultraviolet radiation are sources 
of kinetic energy that bring about violent agitation of atoms and rupture weak 
linkages such as salt linkages and hydrogen bonds. The usual result is 
coagulation and precipitation of the protein, e.g., the solidifying of egg white 
on heating. Since the breaking of hydrogen bonds opens up or uncoils the 
polypeptide strands of the protein molecules, they are usually more easily 
attacked and used by organisms as foodstuff in the denatured state than in the 
native state. This is also a nutritive basis for cooking meat for human 
consumption. 

Heavy metals, such as Ag*, Pb 2+ , and Hg 2+ , become tightly bound to acid 
groups in the side chains of the amino acids in the polypeptide chain such as 
glutamic and aspartic acids. Salt linkages are thus broken and the proteins are 
precipitated. Addition of organic solvents, which are more capable of forming 
hydrogen bonds with protein molecules (intermolecular bonds) than are the 
proteins themselves (intramolecular bonds), cause disruption of the in- 
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tramolecular hydrogen bonds. Ethyl acohol is particularly effective in dena¬ 
turing proteins and is used as a skin disinfectant. Detergents can also be 
bound to proteins, occupying sites needed for the intramolecular bonds that 
maintain spatial structures and functions. They can cause centers of hydro- 
phobic bonding not characteristic of native protein. 

In some cases, denaturation may be reversed by the removal of con¬ 
ditions that caused it (reversible denaturation); in others, the severity of 
denaturing conditions are such that there is a permanent derangement of the 
secondary, tertiary, or quaternary structure (irreversible denaturation). In any 
case, the primary structure of the protein remains intact; hydrolysis is 
required to destroy primary structure. 

Measurement of Protein Estimation of the amount of protein in a sample 
can be made by measuring the nitrogen content of the organic matter in the 
sample, assuming it is all due to protein, and assuming that protein contains 16 
percent nitrogen (i.e., organic nitrogen x 6.25 = protein content). Organic 
nitrogen is determined by using the Kjeldahl procedure outlined in Standard 
Methods (APHA, 1976). An even more reliably unique feature of protein is 
the peptide bond. Quantitative assessment of the peptide bond content of a 
sample can be made using the chelating properties of copper in alkaline 
solution. A complex is formed between an atom of copper and four nitrogen 
atoms of peptide bonds. The intensity of the purple complex is proportional to 
the number of peptide bonds (Neish, 1952; Ramanathan et al.. 1969). The test 
is named the biuret method because the characteristic purple color is given by 
the compound biuret. 

O O 

II II 

NH;— C— NH— C— NH : 

Enzymes Enzymes are protein molecules so vital to the life processes that 
they deserve separate discussion. The study of enzymes (enzymology) com¬ 
prises an entire discipline in biochemistry. They are important to the 
environmental scientist because they are affected, as already seen, by 
environmental changes and because they control the rates of biochemical 
reactions, e.g., aerobic or anaerobic decay in nature and in treatment plants. 
The brief coverage here will characterize the mechanism and kinetics of 
action of enzymes, thus helping the understanding of growth and growth rates 
of microorganisms. However, the reader is advised to consult some of the 
texts dealing with enzymes that are listed at the end of this chapter. The 
major intent here is to gain familiarity with the general nature of enzymes, the 
types of enzymes, mechanism of action, factors affecting kinetics, and in¬ 
hibitors of enzyme activity. 

General nature Enzymes possess some of the same general properties as the 
inorganic catalysts (cobalt, platinum, etc.); i.e., they accelerate the rate of 
reaction and are entirely recoverable and renewable after the reaction is 
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completed. Since they are reusable, they are effective in very small concen¬ 
trations. However, unlike inorganic catalysts, these organic catalysts are often 
many times larger than the molecules, or substrates, on which they act. They 
are all either simple or conjugated proteins, and each exhibits a high degree of 
specificity in regard to the substrate on which it acts. Thus, the enzymes 
provide a means by which living systems can exert precise control of 
biochemical reactions. 

Classification Enzymes may be classified into six general groups according to 
the types of reactions they catalyze. 


Group classification Type of reaction 


1. Oxidoreductases 

2. Transferases 

3. Hydrolases 

4. Lyases 

5. Isomerases 

6. Ligases or synthetases 


Oxidation-reduction reactions 

Transfer of a chemical group from one molecule to another 

Hydrolysis of various molecules, e.g., lipids, carbohydrates, 
proteins 

Nonhydrolytic addition or removal of substituent groups 

Internal rearrangement of substituent groups, 
i.e., making of isomers 

Joining of two molecules coupled with the cleavage 
of a pyrophosphate bond 


Note that the names of all six groups end with ~ase. Although there is no 
reference in the above classification to substrate, many enzymes are named 
by adding the suffix -ase to the name of the substrate on which the enzyme 
acts. Within each group there are both correct systematic names and trivial 
names for subgroups. For example, within group 1 there are, among others, 
dehydrogenases, which use a molecule other than oxygen as the hydrogen 
acceptor, and oxidases, which use oxygen as the electron acceptor. Complete 
familiarization with enzyme nomenclature is beyond the scope of this chap¬ 
ter; while it is an important subject, an understanding of the mechanism of 
action is more important. 

Enzyme action Whenever a chemical reaction occurs, an energy change 
accompanies it, as was explained earlier [see Eqs. (3-1) and (3-2)]. For a 
reaction to proceed to the right, the amount of energy contained in the 
products must be less than that in the reactants; i.e., thermodynamically, all 
reactions must follow a downhill energy flow with negative AH or AG—they 
are exergonic. For an uphill flow of energy (endergonic reaction) to occur, 
energy must be put into the system. In biological systems many such reac¬ 
tions take place in synthesizing new biomass components. To make them 
proceed, biological systems couple these energy-consuming reactions to 
various exergonic reactions, as will be discussed in later chapters. 

Even exergonic reactions do not proceed without overcoming an energy 
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barrier or without an initial excitation of the reactants. For example, reaction 
(3-2) is exergonic, but merely bringing organic matter together with oxygen 
does not cause combustion. In order to start such a reaction, it is necessary to 
bring the organic matter to “kindling” temperature. This is done by adding 
energy in the form of heat. The energy that has to be added before the 
reaction can proceed spontaneously is called the threshold energy or the 
activation energy E* for the reaction. It represents the excess energy that 
molecules must have upon collision in order to react with each other. 
Activation energy is therefore an energy barrier or an activated energy state 
through which reactants must pass along the path to the final energy state of 
the products of the reaction. Figure 3-30 is a representation of the path 
through the activation energy level that is taken as the initial reactant(s) 
proceed to the lower energy level of the products. Activation energy can be 
measured by performing a reaction at various temperatures and then plotting 
the log of the reaction velocity versus the reciprocal of the absolute tem¬ 
perature in accord with the Arrhenius equation: 

log K = log A (3 ' 33) 

In Eq. (3-33), K is the specific rate constant for the reaction, A is a 
constant in units of moles per liter, E* is the activation energy, R is the gas 
constant (1.987 cal per degree per mole), and T is the temperature in degrees 
Kelvin. When one compares experimentally determined activation energies 



Figure 3-30 Reaction profile showing a plot of the energy of the reagents as a reaction proceeds. 
The activation energy E* is higher for the uncatalyzed reaction than for the enzyme-catalyzed 
reaction Ef. 
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for a reaction with and without catalysis by an enzyme, it is invariably found 
that the activation energy for the enzyme-catalyzed reaction is lower. For 
example. E* for the acid hydrolysis of sucrose is 20.6 kcal/mol, whereas the 
same reaction catalyzed by yeast invertase has an activation energy of 
11.5 kcal/mol. For many other enzymes, the difference is even greater. 

The exact mechanism by which enzymes lower activation energy and 
bring about the degree of excitation needed to disrupt substrate bonds is not 
fully known, but a number of facts do seem evident. Enzymes possess highly 
specific space structures and at specific sites on or within the space web the 
substrate molecule becomes bound to the enzyme. The chemical and spatial 
nature of enzyme and substrate must match in order for this enzyme- 
substrate complex, ES, to be formed. In addition, there is in the vicinity of 
this site of action (termed the active site of the enzyme) a location of high 
electrical charge such as a metallic ion or charged chemical grouping, a place 
where ample excitation is generated between the enzyme and the substrate 
atoms to bring about an activated state and, consequently, to cause a reaction 
to occur. 

The conditions for catalysis can be illustrated using the enzyme lysozyme 
and its action on bacterial cell walls. A great deal is known about this enzyme 
and its mode of action which serves to demonstrate that these molecules are 
indeed intricate space structures. Figure 3-31 is a three-dimensional rendering 
of the lysozyme molecule which was diagramed in Fig. 3-26. Figure 3-31 is a 
half-tone reduction of a large, full-color illustration which shows even more 
clearly the three-dimensional structure of the molecule (see Phillips). The 
figure is shown here because it provides the correct representation of a 
complicated molecule as a space structure and emphasizes the “structural 
engineering” aspect of a macromolecular organic compound. By convention, 
in this method of representing molecular models, the atoms lie at the inter¬ 
sections and elbows of the structure. The electron shells of the atoms are not 
shown since, if they were shown as spheres or electron clouds surrounding 
the nuclei, they would meld together, giving the molecule its true solid, 
elliptical or egg-shaped appearance. It is recalled that the electron shell 
consists mostly of space, not of solid matter; therefore, the space frame 
representation of Fig. 3-31 gives a rather accurate representation of the 
molecule. The straight line connectors represent bonds between the atoms. 
The longer bonds (for example, see the three parallel and nearly vertical lines 
in the lower left portion of the molecule) are hydrogen bonds between 
portions of the peptide chain, which are important in maintaining the tertiary 
structure, or spatial configuration, of the molecule. 

Looking down into the molecule, the portion of the peptide backbone 
closest to the reader’s eye, i.e., the topmost part of the molecule, is the 
darkest portion of the chain on the left side of the dashed line. Proceeding to 
the right, the lines in the drawing become lighter because they are at a lower 
elevation. To the right of the dashed line, portions of the peptide chain 
become darker again. Thus, there is a valley, or cleft, in the molecule. The 




Figure 3-31 A space model of the lysozyme molecule. The enzyme is an elliptical protein with dimensions of 
45 x 30 x 30 A. The peptide chain is composed of 129 amino acids (see Fig. 3-26). In the model shown, atoms arc- 
located at intersections of lines representing the bonds between them. The three-dimensional depth of the model is 
represented by differences in shading, with the darker portions of the peptide chain being those closest to the reader’s 
eye. The dashed line indicates the valley, or cleft, in the enzyme molecule into which fit six sugar residues of the 
polysaccharide substrate. (Illustration copyright by Irving Geis. From Cantor and Schimmel: Biophysical Chemistry. 
W. H. Freeman and Company , 1979.) 
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Figure 3-32 The substrates of lysozyme. (A) A conventional representation of a hexasaccharide fragment of the polysaccharide found in bacterial 
cell walls. The hexose residues are derivatives of glucose and are joined by fi, 1 -»4 glycosidic bonds. Rings A, C, and E are N-acetylglucosamine 
(NAG) residues and rings B, D, and F are N-acetylmuramic (NAM) acid residues. The six rings represent the portion of the longer polysaccharide chain 
which fits into the cleft of the enzyme. The dotted line indicates the site of bond cleavage. (From Phillips, 1966.) (/)) A space model of the 
polysaccharide chitin, which occurs in the exoskeleton of insects and Crustacea. The polymer is composed of N-acetylglucosamine units in fi, l-»4 
linkage. The six rings are shown in the configuration which they assume upon binding to the enzyme; i.c., ring D is distorted and the H-bond between 
rings D and E (see dashed lines representing intramolecular H-bonds between other rings) is absent. The breakage of the glycosidic bond is indicated by 
the dotted line. (Illustration copyright by Irving Geis. From Cantor and Schimmel: biophysical Chemistry, W. H. Freeman and Company, 1979.) 
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Figure 3-32b ( Continued ). 

of the valley into which the portion of the 
substrate on which the enzyme acts can be fitted. 

The enzyme causes lysis of bacterial cell walls, which are complex 
molecules with a backbone consisting of alternating units of N-acetyl- 
glucosamine (NAG) and N-acetylmuramic acid (NAM), both derivatives of 
glucose. Further discussion of cell wall structure can be found in Chap. 4 
(also see Figs. 4-7 and 4-8). Chitin, a polymer of NAG and containing no 
NAM, is also a substrate for lysozyme. Figure 3-32 A shows a short fragment 
of the polysaccharide backbone of the rigid layer of bacterial cell walls. Six 
glucose rings can fit into the valley or cleft in the lysozyme molecule, and the 
dashed line shows the bond which is hydrolyzed. Figure 3-32 B shows a model 
space structure of a chitin-like polymer consisting only of NAG. Again, the 
dashed line between rings D and E indicates the site of cleavage. The 
substrate molecule of Fig. 3-32 B is shown fitted into the cleft of the enzyme 
in Fig. 3-33. It is held there by hydrogen bonds which are shown tying it down 
or docking it, as it were, to the enzyme. For example, there is one hydrogen 
bond each for rings A and B, four associated with ring C, and one tying down 
ring D. Intramolecular hydrogen bonds between the NAG residues are also 


B 

dashed line shows the axis 






Figure 3-33 The enzyme-substrate complex. The substrate hexa-N-acetylglucosamine (Fig. 3-32 B) is fitted into the 
cleft of the lysozyme molecule and is anchored in place by H-bonds between the substrate and the enzyme. 
(Illustration copyright hy Irving Geis. From Cantor and Schimmel: Biophysical Chemistry, W. II. Freeman and 
Company, 1979.) 
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shown. The combined substrate and enzyme may be referred to as the 
enzyme-substrate complex. 

The bonding between enzyme and substrate molecules brings about 
enough excitation and strain to enhance reaction. Detailed discussion of just 
how the cleavage comes about is somewhat beyond the scope of this text, and 
it must be emphasized that the exact mechanism is still a subject of research. 
There is evidence that binding of the substrate units A, B, and C to lysozyme 
by the hydrogen bonds shown in Fig. 3-33 causes a change in the shape of ring 
D, which is accompanied by a movement of certain parts of the enzyme 
molecule, tending to close the cleft in the enzyme. This shifting of atomic 
location in the enzyme and in the substrate, due to straining of the bonds, puts 
the reactive site into the position in space required for the reaction. The 
mechanism which has been postulated involves the participation of amino 
acid residues 52 (aspartic acid) and 35 (glutamic acid). These residues lie close 
to the bond which is broken. A hydrogen ion from the OH group of glutamic 
acid may attach itself to the oxygen atom in the glycosidic bond joining rings 
D and E, thus breaking the bond. This would leave carbon atom 1 of ring D 
with a positive charge (a carbonium ion). This charge is momentarily stabil¬ 
ized by the negative charge on the side chain of residue 52. A water molecule 
could then donate an OH ion to combine with the carbonium ion and an H ion 
to replace the one lost by residue 35. Thus, the hydrolysis is completed by the 
addition of water to the product molecules. The enzyme and substrate then 
separate and the enzyme is free to complex with another segment of the 
polysaccharide chain. 

The details of the mechanism described above may not be entirely 
correct. They were deduced as reasonable possibilities, based upon demon¬ 
strated facts in regard to enzyme structure (primary, secondary, and tertiary), 
and upon knowledge of the bond which is broken and of the site of attach¬ 
ment of substrate to enzyme (Phillips). While not all of the details are known, 
this example illustrates the salient features of mechanism of enzyme action. 
There is an attachment at specific sites made possible by specific tertiary 
conformation of the enzyme. There is some conformational change in the 
enzyme or substrate, or both, which permits reaction between substrate and 
one or more sites on the enzyme that are situated in such a way as to promote 
transfer of the atoms needed to complete a reaction. Completion of the 
reaction leads to the breaking of the binding site bonds and the enzyme is 
freed for recycling in the system. 

Kinetics of enzyme-catalyzed reactions While discussing these important cata¬ 
lysts and their general mechanistic behavior, it is important to relate the 
mechanism to one of its important ramifications, kinetics, i.e., control of the 
velocity or rate of biochemical reactions. This also will aid in understanding 
some of the kinetic aspects of microbial growth. 

Let it be assumed that an enzyme has been purified and a small amount 
placed in a reaction vessel with a known concentration of the substrate on 
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which it acts, e.g. lysozyme hydrolyzing a bacterial cell wall or sucrase 
hydrolyzing sucrose. Further, assume we can analyze the substrate S and the 
product P, e.g., sucrose as substrate and either glucose or fructose as product. 
Water is also a reactant, but its concentration is so high that no measurable 
change will occur. If we measured the course of disappearance of the reactant 
and appearance of one of the products, under ideal conditions, we would 
generate a data curve something like that shown in Fig. 3-34 A. In the early 
portion of the experiment, the data taken to measure the disappearance of 
substrate fall along an essentially straight or nearly straight line; i.e., the 
decrease in sucrose concentration appears to be linear; its rate of disap¬ 
pearance, -AS/A/, is constant. The term zero order describes this phase. The 
same kinetic mode applies to the appearance of product, AP/At. However, 
after some time, some lower concentration of S is reached, after which 
substrate is removed at an ever-decreasing rate and product appears more 
slowly. If it can be shown that, in this phase of both curves, a constant 
fraction of the substrate undergoes reaction in each succeeding equal interval 
of time, the reaction is said to be in a first-order, decreasing-rate kinetic 
phase. 

In general, it can be expected that in an enzyme study such as the one just 
described, the rate of reaction proceeds at a decreasing rate from the start, 
but for a short period the change in slope of the curve is so small that the 
measured data for all practical purposes fall along a straight line. If we 
measured the slope of tangents to the S curve at various points along the time 
scale, i.e., measured the velocity v after the linear portion, and determined 
what concentration of 5 existed at each corresponding value of v, we would 
have the information to plot the curve shown in Fig. 3-34C. In this portion of 
the figure, the concentration 5 corresponding to the slopes in the upper 
portion, is plotted against these values of v. The data to make a plot of v 
versus S usually are not obtained by measuring slopes all along one such 
curve but by setting up a number of reaction vessels, each containing equal 
amounts of enzyme but varying concentrations of substrate. The reaction is 
allowed to run for only a short time, during which the velocity appears to stay 
constant; i.e., one measures the initial velocity as shown in Fig. 3-34J3. The 
initial velocity is usually found to increase for higher values of initial 
substrate concentration 5 0 ; S 0 , is the lowest substrate concentration in Fig. 
3-34B. These velocity values are plotted against the corresponding 5 0 values in 
Fig. 3-34C. This method overcomes some of the pitfalls inherent in letting an 
isolated enzyme reaction run too long. For example, with some enzymes a 
buildup of reaction products can inhibit the enzyme, giving a falsely low 
velocity. 

In Fig. 3-34C, at high S, the velocity becomes constant or is approaching a 
constant upper or maximum value V. At lower concentrations of 5, the 
velocity is ever decreasing. Such a plot of data suggests that the substrate 
concentration can control the rate of enzyme kinetics; as substrate concen¬ 
tration changes, so does the value of v. Furthermore, the plot shown in Fig. 
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Figure 3-3* Hypothetical plots of enzyme 
reaction data. (A) Time course of an 
enzyme-catalyzed reaction. ( B ) Plot of in¬ 
itial (zero-order) portion of reactions for 
increasing substrate concentrations S 0 , in¬ 
creasing from S 0l to Soj. (C) Plot of initial 
velocity v at various initial substrate con¬ 
centrations S 0 for data fitting a rectangular 
hyperbola, e.g., the Michaelis-Menten 
equation. 
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3-34 C often can be shown to fit the equation of a rectangular hyperbola: 


V(S) 
K + S 


(3-34) 


K is a constant that controls the shape of the curve; low values give a very 
sharply breaking curve and higher values give a slowly breaking curve as the 
maximum velocity V is approached. The value of the shape factor K is 
numerically equal to the substrate concentration at which v is half the 
maximum velocity V. An experimental curve for enzymatic hydrolysis of 
sucrose of the type shown in Fig. 3-34C was observed at the turn of the 
century. The dependence of v on S at low concentrations and its inde¬ 
pendence at high concentrations were reasoned by Henri in 1902 to be due 
to the formation of an intermediate compound between enzyme and substrate 
prior to the making of the products of the reaction. In discussing mechanisms 
of action, we made such a statement, but it was based on nearly 75 years of 
subsequent research, most of which tended to prove that Henri was right. 

Ten years after Henri’s work, Michaelis and Menten provided a mathe¬ 
matical analysis explaining the shape of the curve. Let it be assumed that the 
enzyme-catalyzed reaction proceeds in accordance with the following reac¬ 
tion sequence: 

E + S^ES^E + P (3-35) 

f L *4 j 

£ is recyclable 


In reaction (3-35), E is the amount of enzyme in the system that is free to 
react, and ES is the amount of enzyme tied up in complexes with substrate, 
both activated and nonactivated. If activated, the reaction proceeds to the 
right at rate k 2 to make product and free enzyme for recycle; if not activated. 
ES breaks down at rate k 2 . The total amount of enzyme E T in the system is 
E + ES. With reference to Eq. (3-35). we now assume that very shortly after 
the reaction begins, the levels of E and ES vary only slightly; i.e., they attain 
a steady state concentration and the rate of formation of complex ES is equal 
to its rate of breakdown. In accordance with this assumption, we may now 
equate the rate of formation of ES to the rate of its breakdown. 

Net rate of formation of ES = net rate of breakdown of ES 


k,(E)(S) - k 2 (ES) = k,(ES) - k 4 (E)(P ) 

Factoring and rearranging: 

k,P fc,S ES 
k 2 + k 3 k 2 + k 2 E 

The above expression may be simplified by neglecting the back reaction from 
P to ES, since initially P is very small. Also, the remaining velocity constants 
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can be lumped into one; i.e., let 

kz + ki _ „ 

~T, Kl 


then 


ES S 


Unfortunately, the amounts of free enzyme E and enzyme-substrate 
complex ES are difficult to measure and, in any event, we would like to put 
the equation in terms of reaction velocity v and maximum velocity V, which 
are measurable quantities. We would also like to determine whether the above 
expression, derived by assuming a gross mechanism of enzyme action, does 
indeed represent a curve that best fits one derived from experimental reaction 
results. 

It can be reasoned that the maximum velocity occurs when there is no 
free enzyme, i.e., when it is all tied up in ES. The maximum velocity would 
then equal: 

V = k,E T 


The above is true only at high substrate concentrations; at all other concen¬ 
trations. the measurable velocity v is: 

v = k?,ES 

Now we can relate the measurable velocities v and V to the ratio EIES. 
Substituting (£ r - ES) for E: 

E t - ES K m 
ES ~ S 

Rearranging, 


Substituting for E T and ES the terms involving V and v, 

Vlk 3 K m 
v/k 3 S 

Canceling like terms and rearranging, 

V(S) 

1 K m ~S 


(3-36) 


Equations (3-34) and (3-36) have the same form, but we now have 
assigned a physical meaning to the shape constant; that is. 


k;+ k 3 

k, 


= K 


m 
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in accordance with the hypothesized sequence of reactions shown in Eq. 
(3-35) and the assumptions we made in deriving Eq. (3-36). 

There are several points we should make about this equation. First, it is 
not necessary to follow precisely this line of reasoning in order to derive Eq. 
(3-36). As with K in Eq. (3-34), the constant K m is numerically equal to the 
substrate concentration at which the velocity v is half the maximum velocity 
V. The Michaelis-Menten constant K m is not necessarily indicative of the 
affinity of the enzyme for its substrate, because it includes also the speed with 
which the enzyme-substrate complex breaks down to enzyme plus product. 
The affinity of E for 5 deals only with the relative values of k , and k 2 . 

It can be seen that if one knows the K m for the enzyme reaction, it is 
possible to predict the velocity relative to V for any value of S, and if one 
knows V as well as K m , the actual velocity of the reaction can be predicted 
for any value of S. It must be remembered that since the velocity of an 
enzyme reaction also is dependent on the concentration of enzyme present, 
the maximum velocity V is expressed per unit amount of enzyme. 

Also, it is emphasized that V and K m are affected by the environmental 
conditions, e.g., temperature and pH, at which the reaction takes place. 
Furthermore, they are not affected to the same degree by a particular condi¬ 
tion. The values of V and K m can be estimated from a plot of v versus S (or S 0 ) 
as in Fig. 3-34C, but it is best to apply some analytical geometry to Eq. (3-36) 
and put it into one of several straight-line forms. Various forms of the equa¬ 
tion are shown in Fig. 3-35. We have found the form given in Fig. 3-35C to 
be a good one to use in determining the numerical values of the two constants 
of a rectangular hyperbola, but it is always best to try several forms. After 
obtaining the constants from a linear plot of the data, one should use them in 
Eq. (3-36) to calculate values of v at various values of S. If the calculated 
curve plots a good fit to the data, one has evidence that (1) the constants were 
determined correctly, and (2) the data do follow the hyperbolic curve. 

The rectangular hyperbola can be used to describe a number of 
phenomena that take place due to quite different mechanisms of action. For 
example, although we have just derived the Michaelis-Menten equation on the 
basis of an hypothesized mechanism, there are other mechanisms that give 
rise to the same kinetic equation. For example, the Langmuir adsorption 
isotherm: 


Sadsorbed = Y^S 0 (3 ‘ 3?) 

which describes the adsorption of a gas or solute onto an adsorptive surface, 
has the same form as Eqs. (3-34) and (3-36). For a given amount of surface, 
the concentration of solute adsorbed is proportional to the concentration of 
solute S (or gas) in solution. If the rate at which adsorption takes place is 
proportional to the space on the surface that is unoccupied by solute (which is 
related to the amount of S adsorbed), then the rate law for the process has the 
same form as Eqs. (3-34) and (3-36). Thus, the same type of equation can 
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Figure 3-35 Various forms of the Michaelis-Menten equation (rectangular hyperbola) [Eq. (3-36)]. 


describe the rates of phenomena with widely differing mechanisms of action. 
This same form of equation can apply in describing the growth of micro¬ 
organisms: these aspects will be discussed in Chap. 6. It is important to 
emphasize here that sameness in the law of kinetic expression should in no 
way imply sameness in the mechanism causing the observed kinetic. 

Cofactors and prosthetic groups Some enzymes require, in addition to the 
“simple” protein part (the apoenzyme), another nonprotein part, or prosthetic 
group, in order to perform their function as catalysts; these fall into the 
category of conjugated proteins. These prosthetic groups are often called 
cofactors. Most cofactors function as temporary or intermediate carriers of 
various chemical groupings in group transfer reactions. The most prominent 
cofactors are a class of compounds called nucleotides, which will be described 
in some detail later in this chapter. One of the most important of these is 
adenosine triphosphate (ATP), which will be shown later to be used primarily 
to drive endergonic reactions. Other important cofactors include nicotinamide 
adenine dinucleotide, coenzyme A, lipoic acid, glutathione, thiamine pyro¬ 
phosphate, pyridoxa! phosphate, tetrahydrofolic acid, flavin, and heme, biotin, 
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and metal ions, as well as a few others. In general, these are necessary in the 
respiratory and synthetic activities of microorganisms. 

Environmental factors affecting enzyme function and kinetics It is fairly com¬ 
mon knowledge that microorganisms as well as other types of living matter 
are affected by environmental factors, such as pH, temperature, and the 
presence of toxic or inhibitory substances. Much attention will be given to 
these factors, particularly pH and temperature, in Chap. 5. One important 
reason that these factors exert such profound effects on the rate of growth 
and selection of species in an ecosystem is their effect on the enzymes that 
control the metabolism of the organisms. Some of the reasons for these 
effects should be apparent in view of the information already presented. 

pH and Temperature We have seen that enzyme function depends on the 
maintenance of a special space configuration and access to special chemical 
groups that bind the enzyme and substrate together as well as special groups 
at which the reaction takes place. Anything that causes a change in ionization 
of these sites or conformation of the space structure is bound to have an 
effect on enzyme function. The enzyme protein contains many ionizable 
groups, and this ionization, as we have seen, is dependent on the pH of the 
solution. Usually there is a narrow range of pH values at which activity is 
maximum, i.e., the optimum pH. Below or above this range, activity is 
severely diminished. The curve of velocity versus pH observed for most 
enzymes is the bell-shaped type shown in Fig. 3-36. 

Changes in pH value affect the protein structure of the enzyme irrever¬ 
sibly, i.e., denature it. In addition, changes in the ionization of the substrate 
may be brought about by changes in pH values. Less severe changes in pH 
levels may cause changes in the mode of binding of enzyme and substrate, not 
sufficient to prevent the reaction entirely but severe enough to slow the 
velocity. 

The velocity of a chemical reaction increases with increased temperature 
in general accord with the Arrhenius equation [Eq. (3-33)]. However, in¬ 
creases in temperature also denature proteins; thus, there is a condition in 
which the increased rate is counterbalanced by the decrease in activity due to 



Figure 3-36 Example of a bell-shaped curve 
of enzyme activity versus pH exhibited for 
many enzyme-catalyzed reactions. 




CHEMICAL NATURE OF ORGANIC MATTER AND MICROORGANISMS 131 

denaturation. Usually, if one runs an enzyme-catalyzed reaction at varying 
temperatures, the initial velocity increases with temperature but, as time 
progresses, the velocity falls away more rapidly at higher temperatures. This 
type of result is shown in Fig. 3-37A. At 80°C the initial slope is high, but 
activity ceases after a very short time, and the velocity measured between f 0 
and U is rather low. If one were to assess the velocity by the amount of 
substrate used or the product produced at time t\, the optimum temperature 
would be 70°C. However, if one performed the assay at U, the apparent 
optimum temperature would be significantly lower (55°C), as shown in Fig. 
3-37 B. 

Most enzymes are inactivated very rapidly at temperatures ranging from 
70 to 100°C; however, a few enzymes can withstand temperatures of 100°C. 
Although the rates of most enzyme-catalyzed reactions are greatly slowed at 
low temperatures and are nearly zero at 0°C, this depressed temperature does 
not denature the enzyme. In fact, enzymes are quite commonly frozen for 
storage. The rates of reactions for most enzymes increase two to three times 
for each 10° rise in temperature, up to temperatures at which the rate falls off 
due to denaturation. 

Effect of Inhibitors Since all biochemical reactions are controlled by 
enzymes, anything that interferes with or inhibits the functioning of enzymes 
can exert a tremendous effect on the biological activity in treatment plants 
and streams. The presence of enzyme inhibitors in biological treatment 
processes is of obvious interest because inhibitors interfere with the needed 
technological control of metabolic function. Their effect on the biota in a 




Figure 3-37 (A) Effect of temperature on enzyme reactions and (B) differences in apparent optimum 
temperature depending on time period for measuring rate. 
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receiving stream can be disastrous. Many of the toxic components of in¬ 
dustrial and commercial wastes are in fact enzyme inhibitors. Many of the 
pesticides used in agricultural activities function due to their inhibitory action 
on specific enzymes. Other important applications of enzyme inhibitors are 
their use in the pharmacological and medical fields. Also, they have a military 
application and consequently an important environmental significance. 

Any change in the chemical or physical environment that leads to an 
alteration in the spatial conformation of the enzyme (or its substrate) can be 
considered as an inhibitor. For example, changes in pH values and tem¬ 
perature may be inhibitory. However, in a more definitive way, inhibitors can 
be considered as those chemical substances that lead to the prevention or loss 
of enzyme function. 

Some substances affect a wide variety of enzymes, and these can be 
called nonspecific inhibitors. For example, cyanide can be classified in this 
category because, while it is particularly effective in inhibiting cytochrome 
oxidase, which controls the transfer of electrons to oxygen in aerobic res¬ 
piration (50 percent inhibition at CN“ = 10“ 8 molar), it is also an effective 
inhibitor of more than 40 other enzymes. Other chemicals such as azide and 
sulfide, which also function as respiratory poisons, effectively inhibit a rather 
wide array of enzymes. Their effectiveness is due to the fact that these 
compounds can form stable complexes with metals such as iron and copper, 
and in many enzymes these metal atoms play an essential mechanistic role in 
catalysis. Also, among other modes of action, cyanide may act as a reducing 
agent, thus breaking disulfide links in the enzyme. 

Chlorine and ozone, which are powerful oxidizing agents, probably owe a 
large part of their effectiveness as microbial disinfectants to their ability to 
inactivate many different enzymes; i.e., they are probably nonspecific enzyme 
inhibitors. The action of nonspecific inhibitors is usually not reversible. 
Various other inhibitors are more specific in the reaction they inhibit, and 
many owe their inhibitory capacity to their similarity in structure to the 
normal substrate for the enzyme. 

Most enzymes exhibit a high degree of specificity toward the substrate on 
which they act, but specificity is not perfect and compounds with a structural 
configuration very similar to that of the substrate can compete for the binding 
site, thus blocking it for the substrate. This type of competitive inhibition 
depends in the main on the relative affinities of the substrate and the inhibitor 
for the enzyme as well as the relative concentrations of substrate and 
inhibitor. Since the inhibitor effect can be overcome by providing the sub¬ 
strate with a competitive advantage, e.g., by increasing the substrate concen¬ 
tration, a competitive inhibition shows no effect on the maximum velocity V. 
Such a competitive inhibitor does have the effect of increasing K m ; i.e., it 
causes a greater dependence of v on S and flattens the curve of v versus S. If 
one plots the reciprocals 1/v versus 1 IS, the slope changes (increases), but the 
intercept on the 1/v axis remains the same, regardless of inhibitor concen¬ 
tration. 
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Another type of inhibition that is readily demonstrated by a change in the 
plot of 1/u versus 1/S is called noncompetitive inhibition. This type is 
manifested by a change in the intercept on the llv axis, i.e., a change in V. 
The value of V decreases as inhibitor concentration is increased, but there is 
no change in the slope K m . 

As the name implies, noncompetitive inhibitors do not compete with the 
substrate; thus, this type of inhibition cannot be reversed by increasing the 
substrate concentration. One may surmise that the bindings of inhibitor and 
substrate are not necessarily at the same location. Thus, noncompetitive 
inhibition may be a manifestation of an influence exerted over a significant 
distance in the molecule. 

In noncompetitive inhibition, the maximum velocity V is decreased in 
proportion to the inhibitor concentration because the inhibitor effectively 
reduces the enzyme concentration available for reaction. Also, the inhibitor- 
enzyme-substrate complex is converted to products at a slower rate than is 
the enzyme-substrate complex; hence, the K m is increased for increased 
inhibitor concentrations. Heavy metal ions often cause noncompetitive in¬ 
hibition. 

Other types of inhibition are also known. Some enzyme reactions can be 
inhibited by high concentrations of substrate and some by a buildup of 
products of the reaction. Feedback inhibition, in which the product of a 
metabolic pathway inhibits the initial enzyme of the pathway, is a special type 
of inhibition and will be discussed in Chap. 12. 

Nucleotides and nucleic acids Nucleotides and nucleic acids are important 
constituents of microorganisms and all living cells. Nucleic acids, which are 
polynucleotides, may constitute 5 to 30 percent of the dry weight of micro¬ 
organisms, depending on the species and the environmental conditions. Ani¬ 
mal and vegetable cells contain approximately as much nucleic acid as do 
microbial cells. Thus, municipal wastes can also be expected to contain them. 
The nitrogen content of nucleic acid is about the same as it is for protein (15 
to 16 percent) but, unlike protein, nucleic acids contain a significant amount of 
phosphorus (9 to 10 percent). Much of this section will be deveoted to the 
description of the spatial structure of nucleic acids. The general mechanism of 
their function in cell replication and protein synthesis will be discussed in 
Chap. 12. In addition to the nucleic acids, certain mono- and dinucleotides 
perform special vital functions in metabolism; they were mentioned pre¬ 
viously as coenzymes. The spatial structures of these compounds will also be 
described in this section. 

Nucleotides All nucleotides found in nucleic acids consist of three smaller 
molecules; (1) a purine or pyrimidine, (2) ribose or deoxyribose, and (3) 
phosphoric acid. 

The common monomeric constituents of nucleic acids are shown in Fig. 
3-38. The pyrimidine bases are derivatives of the compound pyrimidine (see 
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Figure 3-38 Components of nucleic acids. 




the numbering system in Fig. 3-38), and the purine bases are derivatives of the 
compound purine. The purines adenine and guanine and the pyrimidines 
thymine, cytosine, and uracil are the bases found in almost all nucleic acids; a 
few other bases occur in certain types of nucleic acids. 

In nucleotides, the purine or pyrimidine bases are bonded to the sugars. If 
either ribose or deoxyribose is bonded to a pyrimidine, the bond is formed 



CHEMICAL NATURE OF ORGANIC MATTER AND MICROORGANISMS 135 


between Ci of the sugar and N, of the pyrimidine. If bonded to a purine, the 
link is C, to N 9 . Purines and pyrimidines so bonded to either of these sugars 
are called nucleosides. The nucleosides are named for the base; thus, adenine 
bonded to ribose is called adenosine, etc. (see Fig. 3-39). 

To form nucleotides, phosphoric acid is linked to the sugar moiety of a 
nucleoside in an ester bond, usually at the C 5 position. Thus, the names 
adenosine 5'-phosphate, adenine nucleotide, adenylic acid, and adenosine 
monophosphate (AMP) could be used to designate such a nucleotide (see Fig. 
3-39). 

Nucleotides as enzyme cofactors Certain nucleotides were listed previously 
among the enzyme cofactors. Important cofactors containing nucleotide 
moieties are shown in Fig. 3-40, and their functions are described briefly 
below. They will be mentioned many times in this text. 

The key to the importance of adenosine triphosphate (ATP) lies in the 
two phosphate bonds designated by the squiggle in Fig. 3-40. The squiggle is 
used to indicate that when these bonds break by hydrolysis or transfer of one 
or both phosphate moieties, a considerable amount of energy is released. ATP 
is called an energy-rich compound, and the bonds are often referred to as 
high-energy bonds. The latter term should not be construed as meaning that a 
high amount of energy is required to break these bonds. Quite to the contrary, 
these bonds are rather labile and tend to break easily; when either of them 
does, it releases approximately 7000cal/mol of ATP (AG° = -7000 cal). 
Organisms couple the energy released upon hydrolysis of ATP with ender- 
gonic reactions required in the synthesis of cellular macromolecules, e.g., the 
making of proteins, lipids, polysaccharides, and nucleic acids. ATP is not the 
only high-energy compound used for this purpose, but it is by far the major 
one. The general mode of action of ATP in providing energy for synthesis is 
demonstrated in Fig. 3-41. In this example, compound A-B is to be syn¬ 
thesized from compounds A and B. This synthesis requires 5000cal/mol. The 
needed energy input is supplied by the hydrolysis of ATP to ADP (adenosine 


nh 2 nh * 




Figure 3-39 A nucleoside (left) and a nucleotide (right). 
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Figure 3-40 Some important nucleotide cofactors. 


diphosphate) and inorganic phosphate Pi [reaction (3-38)]; that is, the 
7000cal/mol released by the hydrolysis is coupled to the reaction A+B^A- 
B, giving an overall exergonic reaction that releases a net 2000cal/mol. Such 
coupled reactions are fundamental to the biosynthesis of cellular materials. If 
the organisms are those typically found in aerobic secondary wastewater 
treatment processes, compounds A and B are molecules derived from the 
organic matter in the waste. The organisms first must have synthesized ATP 
by oxidizing other molecules in the waste. The basic reason for aerobic 
respiration, i.e., oxygen utilization or exertion of biological oxygen demand of 
the organic matter, is to obtain ATP for driving reactions that require energy. 

As will be shown later, the electrons removed during oxidation of the 
organic compound are passed along by various electron transport molecules; 
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ATP -► ADP + P, -7000 (3-38) 

Net: A + B + ATP -► (A - B) + ADP + Pj - 2000 cal 

Figure 3-41 Driving an endergonic reaction with an exergonic reaction. The coupling of a synthesis 
with hydrolysis of ATP. 


eventually they are passed to oxygen, making water. Both flavin adenine 
dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD) are among 
the electron-transporting coenzymes. Tne passing of an electron from one 
compound to another represents an oxidation of the donor compound. If (1) 
the oxidation releases sufficient energy, and (2) the organism possesses a 
mechanism to couple this energy release to run reaction (3-38) or its 
equivalent reactions in reverse, ATP can be synthesized, and the energy 
released from the oxidation is trapped in the ATP for later use by the 
organism. In many organisms, the oxidation of the electron carriers NAD and 
FAD is coupled to the synthesis of ATP and represents the primary mode of 
ATP production. ATP and other high-energy compounds can be made in 
other ways as well, as will be discussed later. 

Coenzyme A (CoASH) is used in many acyl (acid) group 

O 

II 

(R—C—) 

transfer reactions. The group to be transferred is generally connected to 
CoASH by the formation of a thiol ester 

O 

(R—C —SCoA). 

The ester synthesis is coupled to the hydrolysis of ATP. The energy released 
is contained in the acyl~SCoA and is used to transfer the acyl group to 
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another compound. In this transfer, the CoASH is released and recycled. An 
example of such a reaction sequence is given below. This is an important 
sequence in many organisms for the oxidative metabolism of acetic acid 
(found in various wastewaters, e.g., municipal sewage, pulp and paper 
wastes). The tricarboxylic acid citrate is an intermediate compound in an 
important cyclic oxidation scheme, the tricarboxylic acid (TCA) cycle, a 
metabolic pathway common to many microorganisms. Note that three 
enzymes and two coenzymes are involved in this reaction sequence. Other 
nucleotide coenzymes include guanosine triphosphate (GTP) and inosine 
triphosphate (ITP), which transfer energy in certain reactions in the same way 
as does ATP; uridine diphosphate (UDP), which is important in some carbo¬ 
hydrate reactions; and cytidine diphosphate (CDP), which is involved in the 
biosynthesis of phospholipids. 


I en2l I 

CH 3 —C—OH + ATP » CH 3 —CO ~ P0 3 H 2 + ADP 



H,C—C—OH 

citric acid 


(3-39) 


(3-40) 


(3-41) 


Nucleic acids Most of the nucleotides in organisms are present as poly¬ 
nucleotides in nucleic acids. The constituents of ribonucleic acid (RNA) and 
deoxyribonucleic acid (DNA) are given in Table 3-9. Other than the occur¬ 
rence of D-2-deoxyribose in DNA and D-ribose in RNA, the only difference is 
that RNA contains uracil, whereas DNA contains thymine. Each contains 
four different nucleotides that are defined by the four bases they contain. The 
nucleotides are linked together by ester bonds between the phosphate moiety 



Nil, 



Adenine (A) 


Figure 3-42 A portion of a polynucleotide chain, e.g., one strand of a DNA molecule. Note the sugar-phosphate 
linkages that form the backbone of the molecule. 
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Table 3-9 Composition of RNA and DNA 



RNA 

DNA 

Purines 

Adenine, guanine 

Adenine, guanine 

Pyrimidines 

Cytosine, uracil 

Cytosine, thymine* 

Sugars 

D-Ribose 

D-2-Deoxyribose 

Acid 

H,PO„ 

h,po 4 


*Some viral DNAs have cytosine derivatives rather than 
thymine. 


on C 5 of the sugar of one nucleotide and the C 3 hydroxyl of the sugar of 
another nucleotide. A segment of the polynucleotide chain of a DNA mole¬ 
cule is shown in Fig. 3-42. The backbone of the polynucleotide consists of a 
repeating chain, sugar-phosphate; the phosphate forms a 3',3'-phosphodiester 
linkage. Along this backbone are arranged the purine and pyrimidine bases of 
each nucleotide. 

Deoxyribonucleic Acid (DNA) Deoxyribonucleic acid is the molecule in a 
cell that is unique to it and its kind (species). This molecule contains all the 
genetic information that is passed on to the progeny cells and all the 
information and directions (blueprints) for synthesizing the new cell. For the 
life of a species to continue, this molecule must be capable of self-replication. 
Its content in a given bacterial cell at any time generally varies from one to 
two molecules, depending on whether the cell has just divided or is about to 
divide. Some cells undergoing very rapid growth may contain four molecules 
of DNA, since the rate of DNA replication may be more rapid than the rate of 
cell division. In general, in a growing biomass consisting of bacterial cells in 
various stages of replication, the DNA content is rather constant and ac¬ 
counts for perhaps 2 to 4 percent of the dry weight of the culture. 

Except in some viruses, the DNA molecule occurs as a double strand of 
polynucleotides in a spiral or helical arrangement. The backbone of each 
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Figure 3-43 Hydrogen bonds pairing thymine and adenine, cytosine and guanine in a DNA 
molecule. 
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strand is the sugar-phosphate chain seen in Fig. 3-42. The bases are turned 
toward the inside of the helix. The polynucleotide strands are held together by 
hydrogen bonds that form between pairs of the inwardly turned purine and 
pyrimidine bases. The base pairing is such that cytosine in one strand is 
hydrogen-bonded to guanine in the other; adenine and thymine are also 
paired. The hydrogen bonds are shown in Fig. 3-43. The strands are oriented 
in opposite directions (antiparallel), as shown in Fig. 3-44. For clarity of 
presentation, the strands are not shown in twisted form. It is noted that in the 
left-hand strand the phosphorus at the top is on the C 5 , whereas for the 



Figure 3-44 Segment of a DNA molecule showing hydrogen bonding of CsG and A=T and 
antiparallel alignment of the polynucleotide strands. 
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right-hand strand it is on C 3 of the deoxyribose moiety; i.e., the strands are 
running in opposite directions. Figure 3-45 shows the double-stranded helix. 
The ribbons are formed by the sugar-phosphate backbone; the ties between 
the ribbons represent the hydrogen-bonded base pairs. These are shown in 
more detail for a portion of the segment of DNA shown (see the four base 
pairings). The uniqueness of each species of living matter is determined by 
the sequence of nucleotides in the polynucleotide chain. 

Ribonucleic Acid ( RNA ) Ribonucleic acid is a single-stranded poly¬ 
nucleotide. RNA is needed by the cell to transcribe the genetic information 



Figure 3-45 Segment of a DNA molecule showing the 
antiparallel helical arrangement of polynucleotide strands 
wound around an imaginary axis. The strands are held together 
by base pairing, A=T and G=C. 










PROBLEMS 143 


contained (coded) in DNA so that the cell can make the enzymes needed for 
reactions yielding chemical energy as well as for using the chemical energy to 
make all of the organic constituents of the organism. The RNA so copied now 
carries the message contained in the DNA and is appropriately called mes¬ 
senger RNA (mRNA). The structural configuration of mRNA has not been as 
well defined as that of DNA, but there does not appear to be a great amount 
of hydrogen bonding within the molecule. If one makes an analogy consider¬ 
ing the DNA to be the master set of plans for the cell, the mRNA can be 
considered a set of shop drawings. The mRNA becomes bound to ribo- 
nucleoprotein particles called ribosomes. These are the sites of protein 
synthesis for all of the enzymes the cell requires. Most of the RNA in cells is 
rRNA, ribosomal RNA (80 to 90 percent). In bacteria, ribosomes are found 
scattered in the cell cytoplasm and attached to the cell membrane (see Chap. 4 
for discussion of cell structure). The mRNA serves as a template on the 
ribosomes where specific amino acids are joined together in the sequence 
dictated by the template to make specific proteins. Continuing with the 
analogy, the ribosomes may be looked upon as a workbench for making the 
proteins. Still another kind of RNA is necessary to this process. In addition to 
mRNA and rRNA, there is a lower molecular weight polyribonucleotide that 
transports or transfers the needed amino acids from the pool of free amino 
acids in the cell to the ribosomes. This type of RNA is called transfer RNA 
(tRNA). There are at least as many types of tRNA as there are amino acids to 
be transferred. A considerable amount of information is available in regard to 
its structure (see Chap. 12). The replication of DNA and the synthesis of 
enzyme protein will be discussed in Chap. 12. 

Another type of RNA which is vitally important is that found in some 
viruses that contain no DNA and use RNA as their genetic material. In a few 
cases, this RNA is double-stranded. 


PROBLEMS 

3.1 (a) Calculate the pH of a 0.05-molar solution of acetic acid. 

(b) What is the pH of a 1.0-molar solution of hydrochloric acid? 

3.2 What is meant by the term rancidity ? 

3.3 What is meant by the term denaturationl What are the conditions under which it may occur? 

3.4 (a) What is an amphoteric compound? 

(b) Discuss the significance of aluminum hydroxide and proteins as examples of amphoteric 
compounds. 

3.5 (a) Write the Fischer and Haworth projections for fructose and for glucose. 

(b) Using toothpicks or balsa wood, construct the space model for the ring forms of these 
compounds. 

3.6 Give examples of some general types of polysaccharide found in wastewaters and in nature. 
Discuss their role and their significance to a water pollution control specialist. 
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3.7 The following data were collected in a study of a particular enzyme acting on its substrate: 


Substrate 

concentration, 

mol 

Velocity (rate of 
disappearance of substrate, 
mol/min) 

0.14 

0.15 

0.22 

0.17 

0.30 

0.25 

0.58 

0.33 

0.80 

0.40 


Determine the maximum velocity V m „ and the Michaelis-Menten constant K m for the enzyme. 

3.8 Calculate the free energy of oxidation of methane. 

3.9 (a) Distinguish among the following types of bonds: ionic, covalent, and coordinate. 

(i>) Discuss these types of bonding in relationship to hydrogen bonding. In what types of 
materials do hydrogen bonds play an important role? 

3.10 (a) Calculate the theoretical COD, TOC. and TOD of the following compounds: glucose, 
arginine, cysteine, palmitic acid. 

(b) Why do the COD and TOD differ for some of the compounds? 

3.11 (a) Under anaerobic conditions, 1 mol of glucose can be fermented to 2 mol of lactic acid. 
Calculate the COD. TOC, and TOD values of the products and compare them with those of the 
original glucose for a glucose concentration of 1000 mg/L. 

(b) Under aerobic conditions, 1 mol of glucose can be metabolized to 6mol of carbon 
dioxide and 6 mol of water. Calculate the COD. TOC. and TOD values of these products and 
compare them with those of the original glucose for a glucose concentration of 1000 mg/L. 

(c) Under anaerobic conditions, some microorganisms can ferment 1 mol of glucose to 2 mol 
of ethanol and 2 mol of carbon dioxide. Calculate the COD. TOC. and TOD of the products and 
compare them with those of glucose for a glucose concentration of 1000 mg/L. 

3.12 One of the empirical formulas for biomass is ChHjNO:. 

(a) Calculate the theoretical COD of 1 mg of cells. 

(b) Calculate the TOC and TOD of 1 mg of cells. 

3.13 Based on your knowledge to date of the concept of biochemical oxygen demand, discuss 
whether a theoretical BOD could be calculated for glucose. If your answer is yes, discuss the 
implications and consequences of the assumptions made in such a calculation. If yes is not an 
entirely satisfactory answer, state why, and suggest possible ways in which you might ap¬ 
proximate a theoretical BOD for the compound. 

3.14 (a) What is an unsaturated compound, and what reactions generally occur at the locations of 
such unsaturation? 

(b) Discuss one important reason why unsaturated compounds are important in the pollution 
control field. 

3.15 Determine how many grams of KH : POj and K : HPOj are required to prepare a 1-molar 
buffer solution at pH 7.5 (p K a = 6.8). 
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CHAPTER 

FOUR _ 

THE MICROORGANISM 


Microorganisms, as the term implies, may be defined as those organisms that 
are too small to be visible without the aid of a microscope. They are also 
sometimes defined as organisms that exist as individual cells. Neither 
definition is totally satisfactory, although either is applicable to the majority 
of the entities that microbiologists recognize as falling within their area of 
study. In general, protozoa, algae, fungi, bacteria, and viruses are included in 
this broad grouping. However, the viruses, the smallest of all microorganisms, 
are not cells and differ in so many respects from other organisms that it is 
doubtful whether the word organism should be used in describing them. Some 
fungi and algae may exist as aggregates of many thousands of cells, forming 
plainly visible structures such as mushrooms (fungi) or seaweeds (algae). One 
reliable criterion by which such cellular aggregates may be distinguished from 
the higher plants and animals is the absence of differentiation into tissues that 
have distinct functions and that are composed of cells with recognizable 
structural modifications related to their function. Thus, in spite of the great 
diversity of cell types and modes of life found among microorganisms, it is 
possible to recognize the forms of life that belong to this category. 

All living things are composed of cells, and all living organisms, whether 
unicellular or multicellular, perform the same indispensable functions. A 
single cell (or the individual cells of an undifferentiated aggregate) must of 
necessity perform all these functions, whereas in higher organisms certain 
functions may be carried out primarily by specialized cells. The following 
functions are indispensable to all organisms: 
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1. Protection from the environment, i.e., the establishment of a boundary that 
separates the organism from the outside world 

2. Capture of nutrients 

3. Production of energy in a biologically usable form 

4. Metabolic conversion of foodstuff to cellular material 

5. Excretion of waste products 

6. Preservation and replication of genetic information 

It is largely the variation in the mechanisms by which these (and other 
dispensable functions) are carried out that gives rise to the structural 
differences that are the primary basis for the classification of organisms into 
the traditional groupings of taxonomy. 

Since many microorganisms could not be classified unequivocally as 
belonging to either of the two kingdoms, plant and animal, to which all other 
living forms belonged, Haeckel proposed in 1866 that a third kingdom be 
recognized—the protists. This kingdom would include protozoa, algae, fungi, 
and bacteria (viruses were unknown in 1866) and would be distinguished from 
the plant and animal kingdoms on the basis of a lack of differentiation of cells 
and tissues. With the advent of the electron microscope, it became obvious 
that there was a very fundamental difference in internal cellular structure 
between the bacteria and the blue-green algae on the one hand, and all other 
living organisms, whether plants, animals, or protists, on the other. All cells, 
except bacteria and blue-green algae, have complex, well-differentiated inter¬ 
nal structures, or organelles, bounded by membranes similar to those that 
surround the cells. Perhaps the most important of these internal structures is 
the nucleus, a membrane-enclosed organelle that contains, in addition to other 
components, the genetic material of the cell, the DNA, organized into readily 
recognizable structures called chromosomes. In bacteria and blue-green algae, 
the DNA is not organized into structures recognizable as chromosomes and is 
not separated from the cytoplasm by a nuclear membrane. Therefore, the 
most basic division of living organisms is between the eucaryotes, either 
unicellular or multicellular organisms that have a true nucleus, and the 
procaryotes, which have no nucleus. The latter category includes only bac¬ 
teria and blue-green algae, and the latter are now generally referred to as 
blue-green bacteria or cyanobacteria: thus, procaryotes and bacteria are 
synonymous terms. Protozoa, algae, and fungi are grouped as protists, and 
viruses, which are noncellular, are included in none of the above groupings. 
Microorganisms, then, include the eucaryotic protists, the procaryotes, and the 
viruses. 

We shall consider, in this chapter, the general structural features that 
characterize each of these types of microorganisms and allow them to be 
distinguished from one another. Specialized structures of many types are 
found among the eucaryotic microorganisms, and these are generally im¬ 
portant in the identification of genera and species. However, such structures 
are beyond the scope of this text, and we shall describe only the structures 
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common to all eucaryotic cells or to all the organisms of major groups. Since 
structure is important in relation to the activities of microorganisms primarily 
from the viewpoint of the function performed by each structural component, 
the relationship between structure and function will be emphasized. 


STRUCTURE AND FUNCTION IN EUCARYOTES 

The typical eucaryotic cell has a complex internal structure not found in the 
procaryotic cell (Fig. 4-1). The characteristic organelle of the eucaryotic cell is 
the nucleus, which contains the DNA of the cell associated with basic 
proteins to form the chromosomes. A nucleolus, containing RNA, is often 
visible as a dense body within the nucleus. Two membranes perforated by 
pores separate the nucleus from the cytoplasm. The outer nuclear membrane 
is probably continuous with an extensive, complex internal membrane system, 
the endoplasmic reticulum, which forms channels throughout the cytoplasm. 
Parts of the endoplasmic reticulum (the rough ER) are covered with ribo¬ 
somes, small bodies containing protein and RNA, which are the site of protein 
synthesis. 

The apparatus responsible for trapping chemical energy in an aerobic cell 
is contained in the mitochondrion, an organelle bounded by a double mem¬ 
brane and containing an internal membrane system (cristae), within which are 
the components of the electron transport system and a number of enzymes 
associated with respiratory metabolism. Mitrochondria are absent in cells that 
grow anaerobically. A somewhat similar organelle, the chloroplast, is found in 
photosynthetic eucaryotes, i.e., algae. This membrane-bounded organelle also 
contains an internal, lamellar membrane system, which houses the pigments 
involved in photosynthesis as well as the photosynthetic electron transport 


Storage 

granules 



Figure 4-1 A simple diagrammatic representation of a eucaryotic cell showing commonly occurring 
organelles. N, nucleus: Nu, nucleolus; M, mitochondrion: V, vacuole: G. Golgi body; ER. 
endoplasmic reticulum. 
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system. Both mitochondria and chloroplasts contain small circular DNA 
molecules similar to those found in procaryotes, ribosomes, and other com¬ 
ponents of protein synthesis, which suggests that they may have evolved from 
symbiotic procaryotic cells. Both organelles, at least in some eucaryotes, have 
been shown to be self-replicating. 

Many eucaryotic cells contain Golgi bodies, stacked membranes that 
function in secretion. The Golgi apparatus may package and transport 
material synthesized by the cell from one area of the cell to another or to the 
cell’s exterior. Membrane-bounded vacuoles of a variety of types are found in 
eucaryotes. Vacuoles may contain food, water, storage products, or wastes. 

All of these organelles are embedded in the cytoplasm, a clear semiliquid 
material containing in aqueous solution or suspension all the molecules syn¬ 
thesized and used by the cell: the soluble enzymes, vitamins, amino acids, 
small carbohydrates, lipids, nucleotides, coenzymes, metabolic products, and 
synthetic intermediates. Surrounding the cytoplasm in all cells is the cyto¬ 
plasmic membrane or plasma membrane. This membrane, like those sur¬ 
rounding most cellular organelles, appears in the electron microscope as a 
three-layered structure called the unit membrane (Fig. 4-2). The two outer 
layers are electron-dense, whereas the inner layer is transparent to the 
electron beam. The total structure has a width of 7.5 to 10 nm, and the three 
layers have approximately equal thicknesses. The principal components of the 
membrane are phospholipid and protein, which constitute approximately 25 
and 50 percent, respectively, of the dry weight of the membrane. It is believed 
that the phospholipids that have polar (hydrophilic) and nonpolar (hydro- 
phobic) ends are oriented with the polar regions at the outer surfaces of the 
membrane, forming a lipid bilayer in which various proteins are embedded, 
whereas the hydrophobic, or nonpolar, regions of the phospholipid extend 
inward. The major function of the cytoplasmic membrane in eucaryotes is the 
regulation of the passage of molecules into and out of the cell. The membrane 
forms the effective boundary between the organism and its environment. 
Although there may be additional layers outside the membrane, a cell wall or 
pellicle and often a slime layer, the membrane forms the semipermeable 
barrier to the passage of ions and molecules. While water and some small 
molecules may diffuse through the membrane, most nutrients are transported 
into the cell by specific proteins located in or on the membrane. Such specific 
transport systems increase the rate of passage into the cell manyfold as 
compared with the rate of simple diffusion, and they also allow the cell to take 
up nutrients against a concentration gradient. The membrane is able to 
exclude materials in the environment; i.e., the cell may be impermeable to 
certain ions or molecules because these cannot penetrate the membrane. 

In algae and fungi, a true cell wall, which gives strength, shape, and 
rigidity to the cell, surrounds the cytoplasmic membrane. Both algal and fungal 
cell walls contain polysaccharides of various types as the major component. 
The ground structure of algal walls is generally cellulose microfibrils arranged 
in layers, and with this may be associated proteins and polymers of mannose 
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Figure 4-2 The unit membrane. (A) 
Electron micrograph of a preparation 
of purified membranes from the 
Gram-positive bacterium Micrococ¬ 
cus lysodeikticus, X500.000. (Courtesy 
of Edward A. Grula, Oklahoma State 
University.) (B) A diagrammatic 
representation of the membrane as a 
phospholipid bilayer, which appears 
in the electron micrograph as two 
electron dense (dark) lines separated 
by a clear space. The electron-dense 
layers are the phosphate-containing 
polar groups oriented toward the in¬ 
ner and outer surfaces of the mem¬ 
brane. The space between is occupied 
by the fatty acid side chains of the 
lipids, which are hydrophobic. 


(mannans), xylose (xylans), or uronic acid (pectin). The walls of some fungi 
also contain cellulose, although chitin, a polymer of N-acetylglucosamine, is 
the more common fibrous layer in fungi. As in the algal wall, other polysac¬ 
charides and proteins are associated with the cellulose or chitin. Protozoa, 
like the cells of higher animals, have no true cell wall. Varying degrees of 
rigidity are imparted to different species of protozoa by pellicles of varying 
thickness. The pellicle may be composed of protein in association with lipids 
or polysaccharides and may have a very complex structural organization in 
certain groups of protozoa. Both algae and protozoa include species that form 
shells of inorganic material such as silica or calcium carbonate. Diatomaceous 
earth, which has many industrial uses, is composed of the deposited shells of 
diatoms, algae that form intricate siliceous shells to serve as the cell wall. The 
most vital function of the cell wall is protection of the membrane from 
rupture due to osmotic pressure. The aqueous habitat of microorganisms 
almost always has much lower concentrations of ions and molecules than 
does the interior of the cell, and the difference in concentration across the 
membrane creates an osmotic pressure within the cell that would cause it to 
burst without the support of the rigid wall. Microorganisms with no support- 
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ing wall can survive in surroundings that contain high concentrations of 
solutes. In some protozoa that have no rigid external layer, e.g., some of the 
amoeboid types, the buildup of internal pressure is prevented by the contrac¬ 
tile vacuole, which continually gathers water entering the cell and periodically 
expels it through the membrane. 

The flagellum is the organ of locomotion in eucaryotic microorganisms, 
except in one group of protozoa that possess cilia. Flagella are longer than 
cilia and occur singly or in small numbers on each cell, whereas a single 
ciliated cell, e.g., Paramecium, may have more than 10,000 cilia. Both cilia 
and flagella are made up of bundles of microtubules (hollow cylinders com¬ 
posed of protein) surrounded by an outer membrane that is continuous with 
the cytoplasmic membrane. Both are attached to basal bodies within the cell. 

Some eucaryotic cells form an extracellular capsule or slime layer com¬ 
posed of polysaccharide. The capsule of Cryptococcus neoformans, a patho¬ 
genic yeast, is typical of a heteropolysaccharide capsule that contains more 
than one type of sugar. The capsule of C. neoformans is composed of two 
hexoses, o-galactose and o-mannose; a pentose, D-xylose; and a hexuronic 
acid, D-glucuronic acid. The distinction between capsules and slime layers 
cannot be drawn clearly, but slime layers are larger and more diffuse, whereas 
capsules generally are more compact and conform to the shape of the cell. 
Capsules and slime layers are thought to provide protection against desic¬ 
cation since they have a very high water content. They may also protect 
against attack by viruses. Pathogenic microorganisms are protected against 
the body’s defense mechanisms, antibodies and phagocytic cells, by their 
capsules. 


EUCARYOTIC MICROORGANISMS 

The eucaryotes occur in such a variety of forms that we shall not attempt to 
describe them. We shall discuss briefly some of the more common forms of 
each major group of eucaryotes. The reader should consult one of the 
specialized texts listed at the end of this chapter for information on individual 
genera and species. 

The Fungi 

The fungi are, in general, the most structurally uniform group of eucaryotes. 
The predominant form of growth is filamentous. Individual filaments are 
called hyphae, which are very long, branching tubular structures that elongate 
at the tip. A hypha may have no crosswalls or it may be divided at irregular 
intervals by crosswalls that have pores through which cytoplasm and even 
nuclei may move. The cytoplasm is thus continuous throughout the mass of 
hyphae, which is called the mycelium. Nuclei and other organelles are found 
throughout the mycelium. Specialized hyphae differentiate into spore-bearing 
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Figure 4-3 Spore-bearing aerial hypha of the fungus Aspergillus. (Phase contrast photomicrograph, 
courtesy of Lynn. L. Gee. Oklahoma State University.) 


filaments (Fig. 4.3). These aerial hyphae give the fungi the familiar fuzzy 
appearance typical of the molds found on bread, fruit, and other surfaces. In 
certain fungi, large masses of mycelium aggregate to form a plantlike struc¬ 
ture, the mushroom or toadstool, which arises from an extensive network of 
underground hyphae. 

The y easts are nonfilamentous fungi that reproduce by budding (Fig. 4-4). 
A small protuberance forms on the surface of the cell and enlarges until it is 



Figure 4-4 Yeast cells. Buds of different sizes are attached to the mother cells. (Phase contrast 
photomicrograph, courtesy of Lynn L. Gee. Oklahoma State University.) 
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approximately the same size as the mother cell. The nucleus divides as the 
bud enlarges and one nucleus passes into the bud. A crosswall forms between 
the two cells and they are physically separated. 

Some fungi are dimorphic, i.e., they can exist either in the filamentous 
form or in a yeastlike or nonfilamentous form. Geotrichum candidum (Fig. 4.5) 




B 


Figure 4-5 Geotrichum candidum. a fungus commonly found in activated sludge. (A) The 
filamentous form with branching hyphae. (B) Arthrospores from a pure culture of G. candidum 
added to an activated sludge. The arthrospores are readily distinguishable as the large round to 
rectangular bodies. (Courtesy of Micheal Hunt. Oklahoma State University.) 
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is one of the most predominant fungi in trickling filter slimes, where its 
growth habit is filamentous. It is also one of the filamentous forms most 
frequently encountered in activated sludge, and it has been implicated in 
sludge bulking, i.e., failure of the sludge to settle in the clarifier. G. candidum 
can grow in the form of arthrospores, individual, nonfilamentous cells, and 
this growth form is encouraged by agitation. The presence of this form of the 
fungus in relatively large numbers in activated sludge could account for the 
rapid appearance of filaments when conditions favor growth in the filamentous 
form. 

The Algae 

Many thousands of species of algae have been described. In form, these range 
from unicellular microscopic cells to the large aggregates of filamentous cells 
that resemble plants, the seaweed or kelp usually found in coastal waters. 
Algae are primarily aquatic organisms but are able to survive periods of 
desiccation, so they are found in soil, on the bark of trees, and on rocks in 
very moist climates or near the sea where spray wets the surface. A symbiotic 
association of an alga and a fungus is often found on rocks and trees. These 
associations, called lichens, are able to grow in environments that are un¬ 
favorable to the growth of either organism alone. 

The unicellular algae are often motile by means of flagella or, in some 
forms with hard external shells, by extrusion of a portion of the cell through a 
groove in the shell, allowing a sort of amoeboid movement. Other unicellular 
species are immotile. Cells of some species aggregate into colonies that may 
be immotile or motile by a concerted movement of the flagella. The cells of a 
colony are often embedded in a mucilagenous capsule. Filamentous algae may 
be branched or unbranched and may or may not be divided into distinct cells 
by crosswalls. The life cycle of algae that are not flagellated frequently 
involves the formation of motile, flagellated zoospores, several of which may 
be formed and liberated from a single cell. 

The algae are generally divided into three large groups based on the color 
imparted to the cells by the chlorophyll and other pigments involved in 
photosynthesis. The green algae are primarily fresh water inhabitants. These 
include unicellular, filamentous, and colonial forms. The brown algae are most 
frequently marine organisms and include several groups that are extremely 
abundant in the surface layers of the ocean. One such group, the dinoflagel- 
lates, are unicellular, flagellated organisms covered with an armor of inter¬ 
locking plates. These organisms comprise the “red tides” sometimes seen in 
large areas of the sea. When these massive growths occur, shellfish, which 
consume the algae, cannot be eaten because of toxins produced by some 
species of dinoflagellates. These toxins affect humans but not shellfish. The 
diatoms mentioned previously are also members of this group. They produce 
beautifully patterned shells that fit together like the halves of a petri dish. 
Diatoms are said to be the most widespread form of algae, occurring in both 
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fresh and salt water, on many surfaces and in soil. The red algae include a few 
unicellular forms but are mostly filamentous. Seaweeds are included in this 
group. 

The Protozoa 

Most protozoa are single-cell organisms (Fig. 4-6), although these individual cells 
often have a very complex and highly organized structure. Many also undergo 
complex life cycles. These life cycles, particularly in the parasitic protozoa, 
may involve several changes in form and structure. Life cycles and means of 
locomotion (flagella, cilia, and pseudopodia) form the basis for classifying the 
major groups of protozoa. 

The flagellated protozoa include a number of organisms that are clearly 
protozoa and others, like Euglena, that share characteristics with both pro¬ 
tozoa and algae and could be classified as either. Many of these organisms can 
combine the chemoheterotrophic mode of life with the photoautotrophic; i.e., 
they possess chloroplasts, like algae, and can utilize photosynthesis while 
simultaneously behaving as osmotrophic or phagotrophic protozoa, utilizing 
soluble or particulate organic food material. Some microbiologists (including 
ourselves) prefer to classify these organisms with the algae, but they 
represent a transitional group that does not fit neatly into either category. 
Other organisms classified as protozoa have obvious structural resemblances 
to algae and are considered to be descendants of algae that have lost their 
chloroplasts. 

In addition to the flagellates, two other groups have been classified on the 
basis of means of locomotion. These are the amoeboid protozoa, which move 
by means of pseudopodia, and the ciliated protozoa. The amoeboid protozoa 
possess a flexible membrane that allows the organisms to “flow” along a 



Figure 4-6 Phase contrast photomicrograph of two types of protozoa (unidentified) commonly found 
in activated sludge. (Courtesy of Lynn L. Gee, Oklahoma State University.) 
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surface by the movement of cytoplasm into an extension of the membrane. 
These organisms may be naked, as in Amoeba, or may have shells, or tests, 
usually of chitin, through which pseudopodia can protrude to allow move¬ 
ment. Since some protozoa may utilize both pseudopodia and flagella or may 
have both amoeboid and flagellated stages during their life cycle, the amoe¬ 
boid and flagellated protozoa are now grouped together as the Sarcomastigo- 
phora. This group also includes some ciliated organisms that are more similar 
in organization and life cycle to the amoeboid and flagellated forms than to 
the major group of ciliates, the Ciliophora. The latter group includes 
organisms with nuclei of two types, a macronucleus and a micronucleus. 
Many of these organisms are very complex in structure. Sessile forms attach 
to surfaces by a stalk and utilize cilia for only food capture rather than for 
locomotion. 

The third major grouping is the Sporozoa. These are all parasitic 
organisms characterized by the formation of spores as one stage in the life 
cycle. Plasmodium, perhaps the best known representative of this group, 
causes malaria. Other members of the group cause a variety of diseases of 
humans and animals. 

The protozoa are important both as disease-causing organisms and as a 
vital link in the food chain from bacteria to higher organisms. Diseases of 
humans and animals are caused by amoeboid and flagellated protozoa as well 
as by the Sporozoa. The phagotrophic protozoa feed on bacteria and in turn 
serve as food for larger organisms. The larger ciliates consume not only 
bacteria but also eucaryotes, fungi, algae and other protozoa, and even small 
multicellular organisms such as rotifers. The ability of some protozoa to form 
cysts and of the shelled amoebae to retreat into their shells allows them to 
resist desiccation and thus to inhabit environments subject to periods of little 
moisture or drying. The free-living protozoa are abundant in soil and in fresh 
and salt waters. Protozoa are the most complex single-cell eucaryotic micro¬ 
organisms in both structure and life cycle, and the degree of specialization 
within these single cells probably represents the ultimate degree of differen¬ 
tiation possible for a unicellular microorganism. 


STRUCTURE AND FUNCTION IN PROCARYOTES 

Many of the structural features of eucaryotic cells, particularly the larger 
ones, are readily discernible when cells are examined in a wet mount under a 
light microscope. However, when one views procaryotic cells under the same 
conditions, it is unusual to see any distinguishable cellular structures. In very 
large cells, such as some Bacillus species, one may observe storage granules, 
and spores are readily visible when these occur. However, other structural 
features can be observed only in the electron microscope or sometimes by 
staining. This is not surprising, since there is a tenfold difference in the 
average sizes of procaryotic and eucaryotic microorganisms, and many 
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eucaryotic cells are much more than ten times larger than the average 
procaryote. 

Since the fundamental difference between the procaryotes and the 
eucaryotes is the membrane-bounded organelles that perform various func¬ 
tions in the eucaryotic cell, it is apparent that these functions either must be 
absent in procaryotes or must be carried out by less complex structures. An 
example of a difference in functions due to lack of a specialized structure is 
the utilization of particulate food. Protozoa with flexible outer surfaces can 
surround and enclose food particles, forming a food vacuole in which diges¬ 
tion takes place. Many protozoa possess specialized structures for capture 
and ingestion of food, mouths, and sometimes even tentacles. Bacteria, 
having no such specialized structures and being unable to phagocytize parti¬ 
culate matter because the membrane is surrounded by a rigid wall, are limited 
to the use of soluble small molecules. Other functions for which eucaryotes 
possess specialized organelles are performed simply in bacteria without 
benefit of a specialized structure. Many fungi produce elaborate spore-bearing 
structures. Bacteria that produce spores do so by forming a spore within the 
cell; the remainder of the cell then disintegrates. The bacterial cytoplasmic 
membrane performs the functions assigned to mitochondria and chloroplasts 
in the eucaryotic cell. We shall see other examples as we describe the 
structure of the procaryotic cell. 

The essential components of the typical procaryotic cell make up a very 
brief list: a cell wall, a cytoplasmic membrane, a single molecule of DNA, 
ribosomes, and the cytoplasm. Other components are dispensable, even to 
cells in which they are found, and are never found in some groups of bacteria. 
Even the wall is absent in one group, the mycoplasmas. 

All procaryotic cells are divided into two major groups, Gram-positive 
and Gram-negative, on the basis of the Gram stain reaction that correlates 
with the structure of the cell wall. The distinguishing characteristic of pro¬ 
caryotic cell walls is the presence of a peptidoglycan (mucopeptide) layer. 
This material forms the rigid layer of all procaryotic cell walls, including those 
of the blue-green bacteria, but has not been found in any eucaryotic cell. (A 
few unusual bacteria lack this layer.) Two acetylated amino sugars form the 
basic glycan, in which the monomers N-acetylglucosamine and N-acetyl- 
muramic acid alternate (see Fig. 4-7). A short peptide chain is attached to the 
carboxyl group of iV-acetylmuramic acid. This tetrapeptide contains two 
unusual amino acids, D-alanine and D-giutamic acid; it will be recalled that l 
isomers of these amino acids occur normally. In many bacteria, another 
unusual amino acid found only in procaryotes occurs in the tetrapeptide. This 
is diaminopimelic acid (Fig. 4-7). This may be replaced by L-lysine in other 
bacteria. The presence of a dicarboxylic amino acid and a diamino acid in the 
tetrapeptide is essential, since these allow crosslinking of adjacent pep¬ 
tidoglycan chains. This crosslinking may be direct through peptide bond 
formation between the free amino and carboxyl groups of diaminopimelic 
acid or lysine and the terminal D-alanine, or additional short peptide chains 
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Figure 4-7 The repeating unit of the cell wall mucopeptide of Escherichia coli. 


may be used as crosslinks, attaching to the tetrapeptides at the same points. 
In Escherichia coli the tetrapeptides are joined directly, whereas in Staphy¬ 
lococcus aureus the interbridge is a pentapeptide of glycine units. Since all 
parts of the wall are connected by covalent bonds, the entire structure may be 
considered to be one gigantic molecule whose size and shape are those of the 
cell and give the cell its shape and rigidity (Fig. 4-8). 

We have said that almost all procaryotes may be classified as either 
Gram-positive or Gram-negative (some do not stain well), and this is an 
important consideration in bacterial taxonomy. In the Gram stain, cells are 
stained with crystal violet and then flooded with iodine solution. The iodine 



Figure 4-8 A suggested three-dimensional 
model of the mucopeptide layer of a Gram¬ 
positive coccus. Staphylococcus aureus. The 
solid lines represent the polysaccharide chain 
made of alternating molecules of N-acetyl- 
glucosamine and N-acetylmuramic acid. The 
vertical lines represent the peptide side chains 
(see Fig. 4-7). In S. aureus, L-lysine replaces 
diaminopimelic acid. The dotted lines represent 
the pentaglycine interbridge. (From Rogers, 
1965.) 
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and crystal violet form a water-insoluble complex that is extracted readily 
from Gram-negative cells by an organic solvent such as alcohol but is retained 
by Gram-positive cells. After treatment with alcohol. Gram-positive cells are 
blue because they retain the blue stain, whereas Gram-negative cells have no 
color and may be stained with a simple stain, an aqueous solution of safranin. 
Gram-negative cells are then pink to red, while Gram-positive cells are blue to 
purple. 

Much research has been devoted to an investigation of the exact 
mechanism of the Gram reaction, but it remains a purely empirical method for 
differentiating the two major groups of procaryotes. Although both the 
Gram-positive and Gram-negative bacteria have walls that contain pep- 
tidoglycan, there is much more of this material in the wall of Gram-positive 
bacteria than in that of Gram-negative bacteria. Peptidoglycan accounts for 50 
to 90 percent of the dry weight of the walls of Gram-positive bacteria but 
amounts to 10 percent or less of the weight of the Gram-negative bacterial 
wall. The walls of Gram-positive bacteria also contain some polysaccharide 
and up to 50 percent teichoic acids, polymers containing ribitol or glycerol 
units joined by phosphodiester bonds. Other constituents of teichoic acids in 
different species may include glucose, galactose, N-acetylglucosamine or 
N-acetylgalactosamine, and D-alanine. The variety of amino acids found in 
the wall of Gram-positive bacteria is quite limited, but the Gram-negative cell 
wall contains protein and therefore a full complement of the amino acids. In 
addition to protein, the Gram-negative cell wall contains a lipopolysaccharide 
layer and a lipoprotein layer. The walls of the two major groups of bacteria 
thus are easily distinguished by chemical analysis and, in most cases, the 
results of chemical analyses correlate with the results of the Gram stain. 
Caution must be taken in interpreting the Gram stain reaction, however, since 
some Gram-positive bacteria become Gram-negative with age. Some species 
of Bacillus, for example, must be stained when the culture is only a few hours 
old to demonstrate a positive stain. In examining a Gram stain, if one finds both 
Gram-positive and Gram-negative cells, if these cells are of the same size and 
morphology, and if one has good reason to believe the culture is pure, it may 
be concluded that the organism is Gram-positive even though there may be a 
preponderance of Gram-negative cells. This is because Gram-positive cells 
may lose their ability to retain the crystal violet-iodine complex at a relatively 
early age, but aging does not convert Gram-negative to Gram-positive cells. 

The correlation between Gram staining and the chemical composition of 
the wall suggests that the thick peptidoglycan layer of the Gram-positive cell 
wall is responsible for retention of the crystal violet-iodine complex. If the 
wall is removed by treatment with lysozyme, an enzyme that specifically 
hydrolyzes the backbone of the peptidoglycan (see Chap. 3), the dye complex 
is easily extracted with alcohol; i.e., neither the membrane nor the cytoplasm 
retains the dye. Whatever the mechanism, the Gram stain has been a very 
useful tool in the classification of bacteria, and it continues to be an important 
criterion for identification of bacterial genera. 
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Three groups of bacteria form no peptidoglycan. We have previously 
mentioned that the mycoplasmas have no cell wall. These are very small, 
irregularly shaped cells that differ from other bacteria in a number of 
properties. They are bounded by a single, three-layered membrane, which is 
given stability in some species by the presence of sterols, an unusual 
membrane component in bacteria. The organisms are generally parasitic or 
pathogenic in animals and plants, and this type of environment (within a host) 
contributes to their ability to survive without a rigid wall. The genus Halo- 
bacterium can survive only in highly concentrated salt solutions containing 
approximately 15 percent or more sodium chloride. These organisms have a 
wall of lipoprotein that is stabilized by Na~, Cl“, and Mg 2 ~ ions and disin¬ 
tegrates at salt concentrations of less than about 12 percent. The methane¬ 
forming bacteria have recently been reported to have no peptidoglycan in 
their walls. 

The cytoplasmic membrane of the procaryotic cell is basically identical in 
structure with that of the eucaryotic cell, i.e., a phospholipid bilayer in and on 
which are located various proteins. Phospholipids account for up to 40 
percent of the dry weight of the membrane and form its primary structure, as 
we have seen previously for eucaryotic membranes. The remainder of the 
weight of the membrane is composed of proteins. The variety of proteins 
associated with the membrane is undoubtedly greater in procaryotes than in 
eucaryotes because, as was pointed out above, the membrane of procaryotic 
cells performs some functions that are assigned to special organelles in 
eucaryotic cells. Both eucaryotic and procaryotic membranes control the 
permeability of the cell, and both contain specific proteins required for the 
transport of ions and molecules through the membrane. In addition to these 
proteins, the procaryotic membrane contains enzymes that catalyze some of 
the reactions in the synthetic pathways for components of the membrane and 
the cell wall. The bacterial membrane is also the major site of energy 
metabolism in the cell. The electron transport system and associated enzymes 
are located in a separate organelle, the mitochondrion, in eucaryotic cells, but 
in bacteria the electron transport system and at least some dehydrogenases 
are located in the cytoplasmic membrane. In photosynthetic bacteria, the 
membrane is the site of photosynthetic energy metabolism, performing the 
function of the chloroplast in photosynthetic eucaryotes. In some highly 
aerobic bacteria, particularly autotrophs which get energy from the oxidation 
of inorganic compounds, and in photosynthetic bacteria, the cytoplasmic 
membrane is folded extensively into the cytoplasm, forming multiple layers 
that presumably provide much greater areas of membrane surface for the 
reactions of photosynthesis and oxidative phosphorylation. These internal 
membrane systems are apparently continuous with the cytoplasmic membrane 
and therefore are not considered to be separate organelles, although the 
distinction seems somewhat unimportant from the viewpoint of function at 
least. In the blue-green bacteria, the folded membranes ( thylakoids ) that 
function in photosynthesis may not be continuous with the cytoplasmic 
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membrane. One additional function that has been proposed for the bacterial 
membrane substitutes, in a way, for the function of the nucleus in eucaryotes. 
It is believed that the DNA of the bacterial cell is attached to the bacterial 
membrane at specific sites, probably the locations of enzyme complexes 
involved in the replication and functioning of the DNA. The membrane would 
thus serve to segregate copies of the DNA into each daughter cell at the time 
of division. 

The ribosomes of the procaryotic cell serve the same function as those of 
the eucaryotic cell; they are the site of protein synthesis. The basic architec¬ 
ture of both types of ribosomes is the same, but those of the eucaryotic cell 
are larger. In the procaryotic cell, the ribosome is made up of two subunits, a 
smaller 30 S subunit and a larger 50 S subunit.* Together they compose the 
70 S ribosome, which functions in the synthesis of proteins. The correspond¬ 
ing subunits in the eucaryotic cell are 40 S and 60 S, and the functional 
ribosome is an 80S particle. The 30S subunit contains a single molecule of 
RNA, 16 S, and about 20 different protein molecules. The 50 S subunit 
contains two RNA molecules, 23 S and 5 S, and 30 different protein mole¬ 
cules. None of the proteins found in one subunit is also present in the other. 
There are very large numbers of ribosomes in bacterial cells, and the number 
increases with the growth rate. Salmonella typhimurium has more than 50,000 
ribosomes per cell when growing rapidly, but fewer than 5000 per cell when 
growing slowly. We will discuss the role of ribosomes in protein synthesis in 
Chap. 12. 

The genetic information of the procaryotic cell is contained in a DNA 
molecule that is not complexed with proteins to form a chromosome or 
separated from the cytoplasm by a membrane as in the eucaryotic cell. In E. 
coli, on which the most thorough studies have been done, the genetic 
information is carried by a single, double-stranded molecule (see Chap. 3) 
covalently joined to form a circle. The length of the molecule is ap¬ 
proximately 1 mm, i.e., about 1000 times the length of the cell in which it is 
contained. It is obvious, therefore, that the DNA must be rather tightly 
packed in some manner. Electron micrographs of thin slices of bacterial cells 
show nucleoids or nuclear areas (Fig. 4-9). These are areas of greater electron 
density than the surrounding cytoplasm due to the presence of large numbers 
of phosphorus atoms that are heavier than the carbon, hydrogen, oxygen, and 
nitrogen atoms making up the bulk of the cytoplasm. In rapidly growing cells, 
the replication of DNA outstrips the physical separation of growing cells into 
daughter cells, and as many as four identical DNA molecules may be present 
in a single cell. Such rapid replication must require an orderly folding of the 
molecule. One proposed model for the organization of DNA within the cell 


*S is the Svedberg unit and is the unit of measurement of the velocity of sedimentation in an 
ultracentrifuge. Both weight and shape affect the value of S, and S values for subunits are thus 
not additive. 
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Figure 4-9 Electron micrograph of a thin slice of a Gram-negative bacterium. Erwinia carotovora. 
Both cells are in the process of dividing. In one. division is nearing completion and the nuclear (light) 
areas of the two daughter cells are well separated. In the other, the segregation of the nuclear areas 
has not been completed. Note the relatively thin cell wall of this Gram-negative bacterium. (Courtesy 
of Edward A. Grula. Oklahoma State University.) 


involves the formation of a number of supercoiled loops attached to an RNA 
core. An enzyme called a swivelase, which can cut a supercoiled length of 
DNA to allow it to unwind for replication and then can reseal the nick, has 
been isolated from E. coli. 

Additional structures found in procaryotic cells are probably dispensable; 
i.e., they are found in some cells but not in others and, although they may 
serve a useful function, they are not necessary for survival as are the 
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structures described previously. Three types of internal structures in addition 
to those already described are found in certain bacterial cells. These are 
storage granules of several types, vesicles, and endospores. Of these, vesicles 
are the only structures that may be required by the organisms in which they 
are found. 

The circumstances under which storage products accumulate in the 
bacterial cell are generally thought to be those in which a nutrient essential 
for balanced growth is lacking. Thus, when no nitrogen is available but other 
nutrients, such as carbon and phosphate, are present in excess, cells form 
polymeric products, which they store internally in granular bodies. The early 
formation of storage granules by cells growing on rich medium, which we 
have observed repeatedly in the laboratory, leads us to believe that a nutrient 
deficiency is not always a required stimulus for the formation of storage 
products. The most common forms of carbon source storage in procaryotes 
are polysaccharides, usually branched molecules resembling the glycogen 
stored by animal cells, and poly-fi-hydroxybutyrate (PHB) (Fig. 4-10), a mole¬ 
cule that stains with fat-soluble dyes such as Sudan black. A few bacteria 
form a starchlike polymer. Excess inorganic phosphate is stored by many 
organisms in the polymeric form as volutin granules. PHB granules are often 
large enough to be clearly visible in the light microscope without staining. 
Volutin granules also are frequently visible without staining but can be 
stained with basic dyes such as toluidine blue. The reddish-purple color of the 
granules is the basis for the name metachromatic granules, which is often 
given to polyphosphate. Glycogen granules are quite small and can be seen 
only in the electron microscope. The polymerization of material to be stored 
inside the cell renders it osmotically inactive and allows the cell to accumulate 
large amounts of nutrients without increasing the internal pressure of the cell. 
Physical compactness of polymers is also advantageous. In Chap. 10 we shall 
discuss the uptake and storage of nutrients and their subsequent utilization in 
relation to the activated sludge process. 

A somewhat different type of storage occurs in some cells that utilize 
reduced sulfur compounds as an energy source. Sulfides are generally oxi¬ 
dized to elemental sulfur by these cells, and in large cells such as the 
filamentous bacterium Beggiatoa or the purple sulfur bacteria, the sulfur is 
stored in granules inside the cell (Fig. 4-11). The sulfur is generally oxidized 
further. In this case, no special storage product is synthesized; sulfur is a 
normal intermediate in the pathway of the oxidation of sulfide to sulfate. 
Sulfur granules are plainly visible in the light microscope as very shiny 
particles in the cell (see Fig. 4-11). 

Three types of vesicular bodies are found in certain procaryotic cells. 
These are bounded by single-layered protein membranes and are not con¬ 
sidered to be exceptions to the rule that procaryotic cells have no organelles 
comparable to those in eucaryotic cells, i.e., bounded by unit membranes. The 
most frequent of these are the gas vesicles, hollow cylinders filled with gas 
and visible in the microscope as vacuoles, each composed of several vesicles. 




Figure 4-10 Bacillus cereus with numerous large granules of poly-/3-hydroxybutyrate. (A) Cells growing on agar, unstained, phase contrast 
photomicrograph. ( B ) Cells stained with Sudan black B, a lipid stain that also stains poly-j8-hydroxy butyrate. (Courtesy of Lynn L. Gee, Oklahoma State 
University.) 
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Figure 4-11 Beggiatoa with sulfur 
granules. The organism was 
obtained from sulfide-containing 
water (sulfur springs) in Platt 
National Park at Sulphur, Okla¬ 
homa. (Courtesy of Lynn L. Gee, 
Oklahoma State University.) 


These vacuoles are flotation devices that occur in aquatic bacteria of a 
number of genera, including many blue-green bacteria. They apparently allow 
the cells to localize at depths where conditions are most favorable for growth. 
A somewhat similar organelle, the Chlorobium vesicle, is found only in the 
green sulfur bacteria. These are cylindrical vesicles located just beneath the 
cell membrane and containing the photosynthetic apparatus of the cell. In 
certain bacteria that use carbon dioxide as the carbon source, the enzyme 
responsible for carbon dioxide fixation (see Chap. 9) is located in bodies 
called carboxysomes. 

Most bacteria do not form spores. Those that do belong almost 
exclusively to two genera of Gram-positive rods. Bacillus and Clostridium. 
Spores are much more resistant to radiation and desiccation than are 
vegetative cells and are remarkably resistant to heat, so that much of the 
difficulty experienced in heat sterilization of foods arises from the presence of 
spores. A single spore is formed for each cell, and the formation involves a 
complex series of events, resulting finally in the enclosure of a DNA molecule 
and a portion of the cytoplasm within a heavy wall, the multilayered spore 
coat. The spore may remain within the cell for a short time or may be 
liberated rapidly by disintegration of the vegetative cell. The spore is dormant 
until induced to germinate, usually by heat treatment, and spores may remain 
viable in the dormant state for many years. Spores are readily identifiable in 
wet mounts as highly refractile oval or spherical bodies with heavy walls. 
They are permeable to stains only after severe heating that damages the wall 
(Fig. 4-12). 

Other variable components of bacterial cells are found outside the wall. 
These are capsules or slime layers, flagella, pili or fimbriae, and stalks, 
filaments, or other organs of attachment. We have mentioned the formation of 
capsules and slime layers by some eucaryotic organisms. The occurrence of 
these external layers is probably much more common among procaryotes. 
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Figure 4-12 Bacillus cereus stained with crystal violet. Since the spores are impermeable to stains 
unless they have been heated drastically, they are visible as unstained oval areas in the cells. 
(Courtesy of Lynn L. Gee, Oklahoma State University.) 


Most bacterial capsules and slimes are polysaccharides, either homopolysac¬ 
charides containing only one sugar or heteropolysaccharides containing 
several different monomers. A few bacteria form a polypeptide capsule 
containing D-glutamic acid. The capsules and slime layers of bacteria serve 
the same functions previously mentioned—protection from phagocytosis and 
from desiccation, at least temporarily. Capsular material binds cells together 
to form aggregates and may trap cells of other species as well. This may be 
important in floe formation (see Chap. 10). Capsules are visible in the 
microscope only against a dark background. They are best viewed in a wet 
mount with India ink (Fig. 4-13). 

Many procaryotic species are permanently immotile; others are motile by 
means of flagella. A few types of bacteria possess a gliding motion that allows 
them to move over surfaces by an unknown mechanism: these cells are 
immotile in liquid. Two major patterns of distribution of flagella are found in 
bacteria, and these are of some taxonomic importance. Polar flagella are 
located only at the end of a rod-shaped cell (Fig. 4-14). These may be single or 
in tufts and may occur at one end or both. The arrangement of flagella in a 
tuft is called lophotrichous. In the peritrichous pattern of flagellation, flagella 
may occur anywhere on the cell, and they are often present in large numbers 
over the entire cell surface. Flagella arise within the membrane and pass 
through the wall. Bacterial flagella are thin tubular structures composed of 
spirally arranged protein molecules. Their diameter is much smaller than that 
of eucaryotic flagella or cilia, so they are not visible except in the electron 
microscope or in the light microscope after staining with a mordant that 
increases their diameter. Motility can be determined by observing young cells 
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Figure 4-13 A capsule-forming Bacillus species suspended in India ink. (Courtesy of Lynn L. Gee. 
Oklahoma State University.) 



* I 
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Figure 4-14 Electron micrograph 
of Pseudomonas aeruginosa, 
showing its single polar flagellum, 
X58.000. (Courtesy of Sue Pekrul 
and Brenda Mears. Oklahoma 
State University.) 



in a wet mount, and with practice, the type of flagellation often can be 
determined with considerable accuracy. Polarly flagellated cells move much 
more erratically than do peritrichously flagellated ones, having a tendency to 
somersault and tumble, whereas peritrichously flagellated cells are able to 
move in straight lines and reverse direction without turning. (Consider the 
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difference in the motions of a shell rowed by a crew and a canoe propelled by 
a single paddle used only at the end of the canoe.) Flagella are advantageous 
to microorganisms under certain circumstances; they allow them to move 
toward higher concentrations of nutrients ( chemotaxis ) or away from toxic 
substances. Photosynthetic organisms exhibit phototaxis ; exposed to light 
and dark areas, the cells accumulate in the lighted area by avoidance of the 
dark rather than by attraction toward the light. 

Pili or fimbriae are found on some Gram-negative bacteria. These are 
somewhat similar to flagella in that they are also thin tubular structures made 
of protein molecules arranged spirally. However, they are shorter and thinner 
than flagella and straight, whereas flagella are wavy. Pili occur in large 
numbers, covering the cell surface with hairlike projections visible only by 
electron microscopy. The function of pili is not known, but they apparently 
aid the cell in adhering to surfaces, since they have “sticky” ends. Cells that 
produce pili often form a thin, tough pellicle of growth at the surface of a 
liquid culture, apparently held together by intertwining of the pili and 
attachment to adjacent cells. It has been proposed that pili may aid patho¬ 
genic bacteria in attaching to the surface of the host cells. A recent study of 
gliding motility showed pili at the end of the gliding cell ( Beggiatoa ) and 
suggested that pili might be involved in this type of motility by attaching to 



Figure 4-15 A rosette formed by the stalked (prosthecate) bacterium Caulobacter vibrioides. 
(Courtesy of Edward A. Grula. Oklahoma State University.) 
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the surface in front of the cell and allowing the cell to pull itself along the 
surface. Certain special types of pili are formed by cells that carry extra 
genetic information in the form of plasmids, small DNA molecules that are 
concerned with the exchange of genetic information between cells. These pili 
occur in small numbers per cell and connect two mating bacterial cells. 

A few types of bacteria form stalks or filaments by which they attach to 
solid surfaces or remain attached to each other (Fig. 4-15). These are generally 
continuous with the cell wall and membrane. Other cells produce filaments 
that bear daughter cells. Cells forming filaments and stalks are prosthecate 
organisms. The cells of some filamentous bacteria are enclosed in a sheath, a 
transparent tubular structure of polysaccharide, which is visible when empty 
in a phase contrast microscope. These sheaths, like some of the prosthecae 
formed by other bacteria, may terminate in a holdfast, an adhesive secretion 
that allows them to remain attached to a solid surface. 


PROCARYOTIC MICROORGANISMS 

The procaryotes may be divided into two major groups along historical lines. 
The first of these is the cyanobacteria, or blue-green bacteria, which were 
classified as algae until recently. The other group includes all the diverse 
organisms that traditionally have been considered to be bacteria. 


Blue-green Bacteria 

The blue-green bacteria are procaryotic, having no nucleus, mitochondria, 
chloroplasts, or other organelles typical of eucaryotic cells, and having a layer 
of peptidoglycan in the cell wall. However, their metabolism is quite similar to 
that of algae and plants. They are photosynthetic and they produce oxygen as 
do algae and plants. 

The blue-green bacteria derive their color from the pigments associated 
with photosynthesis and, while most are actually blue-green, some have red 
pigments that impart a reddish or orange color to the cell. Blue-green algae 
may occur as single cells or as branched or unbranched filaments. They lack 
flagella, and motile species move by gliding on solid surfaces. Gas vacuoles 
are common in these organisms. Some species form a type of resting cell 
called an akinete; these are enlarged cells with heavy walls that are very 
resistant to desiccation. Other specialized cells called heterocysts are formed 
by some of the filamentous species (Fig. 4-16). These are rounded cells that 
contain no thylakoids (the layers of membrane that function in photosyn¬ 
thesis). It is believed that the heterocysts function in the fixation of nitrogen. 
Both unicellular and filamentous species frequently form gelatinous sheaths, 
which bind individual cells or filaments together in colonies or bundles. 
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Figure 4-16 A portion of the 
filament of the cyanobacterium, 
Anabena. showing a heterocyst, 
the nitrogen-fixing cell. Other cells 
contain chlorophyll and are pho¬ 
tosynthetic. (Courtesy of Micheal 
Hunt. Oklahoma State Univer¬ 
sity.) 


Bacteria 

Some groups of microorganisms classified as bacteria are very similar in size 
and shape to blue-green bacteria and have the same type of gliding motility. 
They are nonphotosynthetic and may be descendants of blue-green bacteria 
that have lost the ability to form chlorophyll. Most bacteria, however, are 
unicellular organisms of much simpler morphology and smaller size than the 
majority of blue-green bacteria. Cells are spherical (cocci), rod-shaped, or 
spiral. Cocci may divide (1) in a single plane, forming chains; (2) in two planes, 
forming tetrads or larger sheets of cells; (3) in three planes, forming cubical 
packets; or (4) in any plane, forming irregular clusters. These cellular 
arrangements are important in the identification of bacteria since they are 
characteristic of the genus and species. Rods occur most often as single cells, 
but in some genera they may remain attached after division, forming chains. 
Since bacteria exhibit more variation in biochemical abilities and less varia¬ 
tion in morphology than do other microorganisms, their biochemistry has 
been more thoroughly studied and is more important in differentiating genera 
and species. We will discuss the major groups of bacteria in Chap. 8. 
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THE VIRUSES 

Viruses differ from cellular organisms in several very important ways: 

1. They are much simpler in structure and composition. The two essential 
components of a virus are protein and nucleic acid and many contain no 
other compounds. Others are composed of protein and nucleic acid sur¬ 
rounded by a membrane of lipid and protein. 

2. All cells contain both RNA and DNA, but a virus has only one type of 
nucleic acid. For viruses that contain RNA, the genetic information is 
carried by RNA rather than DNA. Cellular DNA is a double-stranded 
molecule that is circular in bacteria, and cellular RNA is single-stranded. 
Viral nucleic acids occur in several forms. DNA may be single- or double- 
stranded, linear or circular. RNA is almost always single-stranded, but a 
few viruses contain double-stranded RNA. 

3. Viruses have no metabolic enzymes, use no nutrients, and produce no 
energy. They are obligate intracellular parasites and can reproduce only 
inside a living cell. The parasitism of viruses is unlike that of parasitic 
bacteria, protozoa, or fungi, which receive nutrients from the host cell. In a 
cell infected by a virus, the metabolism of the cell is diverted from the 
manufacture of new cell material to the manufacture of new viruses. 
Outside a cell, the virus is completely inert and inactive. Some viruses can 
even be crystallized. In short, they behave like large molecules of nucleo- 
protein. 

4. Viruses do not reproduce as cells do by increasing in size and dividing. 
When a virus infects a cell, the protein and nucleic acid are separated; i.e., 
the virus no longer exists as an entity, and often only the nucleic acid 
enters the cell. Under the direction of the viral nucleic acid, the cell 
produces the viral proteins, the viral nucleic acid is replicated, and new 
viruses are assembled from the parts. 

The architecture of all virus particles involves a protein shell surrounding 
and protecting the nucleic acid. This protein coat is made up of individual 
protein molecules of relatively small size. In some viruses all the protein 
molecules are identical; in others several types of protein occur. The protein 
molecules surrounding the nucleic acid are arranged in either helical or 
icosahedral (cubic) symmetry. Viruses with helical symmetry may be rigid or 
flexible rods, or the helical nucleoprotein may be a flexible ribbon wound into 
a sphere and wrapped in a membrane, as in influenza virus. The outer 
membrane of a virus is generally acquired from the cell as the virus is 
released. It is thus a typical cytoplasmic membrane, but it contains additional 
proteins made under the direction of the nucleic acid of the virus. Some 
viruses have a complex structure with a head containing the nucleic acid and 
a tail that attaches to the host cell. 

The largest known animal virus is the smallpox virus, a brick-shaped virus 
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with a thick fatty membrane measuring 200 nm in its longest dimension. This is 
slightly smaller than a small bacterial cell and is too small to be visible in an 
ordinary microscope. Most viruses are considerably smaller than the smallpox 
virus, although some filamentous plant viruses are much longer. All viruses 
are therefore visible only in the electron microscope. The size of a virus bears 
no relation to the size of the host it infects. Some of the larger and more 
complex viruses with both heads and tails infect bacteria whereas the human 
poliovirus is a tiny spherical particle only 27 nm in diameter. 

Viruses are classified as plant, animal, or bacterial and are further 
classified on the basis of symmetry (helical or icosahedral), type of nucleic 
acid (RNA or DNA), and the presence or absence of a membrane. The plant 
and animal viruses are generally named for the disease they cause. Viruses 
are now the most important human pathogens, since bacterial diseases can be 
treated with a variety of antibiotics; these are not useful in treating viral 
diseases, because viruses depend upon the host cell for reproduction and it 
would be necessary to inhibit cellular processes to prevent virus multi¬ 
plication. The prevention of viral infection by immunization and adequate 
sanitary procedures is therefore essential. The latter is particularly important 
for viruses for which no vaccine is available. In Chap. 14 we shall discuss 
further the problem of pathogenic microorganisms in the environment. 


PROBLEMS 

4.1 Both bacteria and viruses pathogenic to humans are excreted by infected individuals. Based 
on the differences between them, which would you expect to be able to survive longer in 
relatively unpolluted water? Why? Which might be able to multiply in a treatment process such as 
an oxidation pond? Explain. 

4.2 At the beginning of this chapter, six functions that are indispensable to all organisms were 
listed. Compare the cellular structures or components involved in each of these functions in 
procaryotic and eucaryotic cells. It may be desirable to consult a text on microbiology such as 
Brock’s Biology of Microorganisms (1979). 

4.3 List ten structural features of microorganisms, procaryotic or eucaryotic, that are composed 
entirely or partly of protein. 

4.4 Why are the organisms previously classified as blue-green algae now considered to be 
bacteria? 

4.5 What function does each of the following perform for the cell? 

(a) Cell wall 

(b) Slime layer 

(c) Ribosome 

(d) Storage granules 

(e) Mitochondrion 

(f) Gas vesicle 

(g) Contractile vacuole 

4.6 List the characteristics of viruses that distinguish them from all other microorganisms. 
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CHAPTER 

FIVE 


NUTRITION AND GROWTH CONDITIONS AS 
SELECTIVE AGENTS IN NATURAL 

POPULATIONS 


The importance of microorganisms in the recycling of organic and inorganic 
matter has been emphasized in previous chapters. Microorganisms, parti¬ 
cularly bacteria, are able to perform this role in nature because they exist in 
an almost infinite variety of species with different metabolic requirements and 
capabilities. It is believed by most microbiologists that all naturally occurring 
materials and all but a very few synthetic materials are subject to microbial 
attack. 

The activities of microorganisms, from the human viewpoint, are either 
useful or harmful; indeed, the same activity may be useful or harmful 
depending on the environment in which it occurs. The unexpected growth of 
lactic acid bacteria such as Streptococcus lactis in milk irritates those who 
drink milk, but the growth of these same bacteria in milk under controlled 
conditions is the basis of important manufacturing processes in the dairy 
industry. The same organism that can cause gangrene in a puncture wound 
due to its ability to digest protein anaerobically is a valuable member of the 
mixed population in an anaerobic digester. These simple examples illustrate 
the need for an understanding of the growth habits of microorganisms by 
environmental microbiologists and environmental engineers who must deal 
with and often attempt to control the activities of microorganisms in their 
natural habitats. 


17S 
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THE MICROORGANISM AND ITS HABITAT 

A natural habitat does not imply an environment unaffected by human 
activity, but rather one in which the species comprising the microbial popu¬ 
lation are those selected by interaction with the environment and with each 
other. Microorganisms, due to their small size, are readily dispersed over huge 
distances by air and water and by animate and inanimate agents. Thus, 
different types of microorganisms are constantly being introduced into a 
habitat and given the opportunity to proliferate in it. Physical and nutritional 
conditions select from the mixture of organisms those best adapted to that 
environment. Selection operates only upon differences among species, but 
even a small difference conferring a slight selective advantage can lead to 
relatively large variations in numbers of different species within a short time 
because of the extremely rapid rates of growth of which microorganisms are 
capable. Changes in conditions, whether imposed by external forces or brought 
about by the microorganisms themselves, can result in rapid changes in relative 
numbers of different species. Many environments are capable of supporting the 
growth of many different microbial species, and it is within such environments 
that the balance of species may shift frequently and rapidly due to relatively 
small changes in nutrient supply or physical conditions. Other environments are 
quite restrictive and are inhabited by only a few specialized types of micro¬ 
organisms. 

Knowledge of the nutritional and physical factors affecting microbial 
growth in general and the growth of individual species in particular is 
necessary to predict the types of organisms that may be expected to pre¬ 
dominate in various habitats and to suggest measures that might be used to 
shift the population toward more desirable or useful types. While it would be 
ideal to study microorganisms under natural conditions, we can learn very 
little about their characteristics and activities without subjecting them to 
experimentation in laboratory conditions. Due to their small size, direct 
observation is not possible; nor is it possible by observing the entire popu¬ 
lation to determine which of the species comprising a mixed microbial 
population is responsible for any single activity. Each organism must be 
isolated and studied in pure culture so that its requirements and activities can 
be determined [see Brock (1966) for an excellent discussion of the role of 
pure cultures in the study of microbial ecology]. After the characteristics of 
the individual organisms have been determined, we are more apt to under¬ 
stand their behavior and interactions in the natural habitat. It is also desirable 
to work with mixed populations of microorganisms under controlled con¬ 
ditions in the laboratory. This allows us to study their interactions or simply 
to determine the collective properties of the mixture of species selected by 
the conditions imposed. In any case, a knowledge of the effects of various 
physical and nutritional factors on microbial growth is essential to any effort 
to understand or control the microbial inhabitants of a natural environment. 

Both the physical and chemical characteristics of the environment 
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influence microbial growth. Physical factors in general act as selective agents 
by determining the types of organisms that are able to grow and by influenc¬ 
ing the growth rates of those organisms that can grow under the prevailing 
conditions. Chemical factors may or may not be selective. Some elements 
such as carbon and nitrogen, which are required in relatively large amounts 
and often can be used only in specific forms, may be very important in 
selecting predominant species. Other elements such as magnesium or iron, 
which are used in the same form by all microorganisms and are required in 
very small amounts, may exert little or no selective pressure. 

A great variety of environmental factors that influence microbial growth 
can be enumerated. We shall emphasize in this chapter the factors most 
commonly encountered and those that are most effective in selecting the 
microbial species that can occupy a habitat, because these are the factors that 
might most feasibly be used in exerting technological control over microbial 
populations. 


TEMPERATURE AND MICROBIAL GROWTH 

Of the physical factors affecting microbial growth in any environment, one of 
the most influential in the selection of species is temperature. Microorganisms 
possess no means of controlling internal temperature, and the temperature 
within the cell is therefore determined by the external temperature. Each 
microorganism is able to grow only within a specific range of temperatures. 
This range may be quite narrow, e.g., less than 10°C for the human pathogen 
Neisseria gonorrhoeae. Organisms with such a restricted temperature range 
are called stenothermal. Most microorganisms, however, are eurythermal ; that 
is, they are capable of growing over a range of 30 to 40°C. Fortunately, many 
human pathogens, having adapted to an environment—the human body— 
where the temperature is constant, are stenothermal and incapable of growing 
at temperatures more than a few degrees lower or higher than 37°C. This 
prevents their proliferation in surface waters or in such waste treatment 
facilities as oxidation ponds, activated sludge tanks, and trickling filters, 
except possibly during very hot weather. 

The Cardinal Temperatures 

Three temperature values, often called the cardinal temperatures , are com¬ 
monly used to characterize the effect of temperature on the growth of a 
microbial species or strain. The maximum and minimum temperatures define 
the limits of the temperature range within which growth is possible; at lower 
or higher temperatures than these, no growth occurs. The optimum tem¬ 
perature is that at which growth is most rapid, i.e., at which the growth rate 
reaches its maximum value. The optimum temperature for most micro¬ 
organisms is much closer to the maximum than to the minimum temperature. 
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It should be noted that the optimum temperature is based on the growth rate 
only and is not necessarily the temperature at which the maximum yield of 
cells is produced. The cardinal temperatures are considered to be charac¬ 
teristic of the organism, although they may be altered to some extent by other 
environmental factors such as pH, the concentrations of salts, or the available 
nutrients. 

Growth at the minimum temperature is typically quite slow; the rate 
increases exponentially with increasing temperature, reaching a maximum at 
the optimum temperature and falling abruptly to zero at a few degrees above 
the optimum (see Fig. 5-1). For most microorganisms, the growth rate in¬ 
creases two- to threefold for each 10°C rise in temperature between the 
minimum and the optimum. 

While any single microbial species is incapable of growth over a range of 
temperatures greater than about 40°C, different microorganisms can grow at 
temperatures from below 0°C to above 90°C. Based on their optimum growth 
temperatures, microorganisms are classified as psychrophiles , mesophiles, or 
thermophiles. Most microbial species are mesophilic, growing most rapidly at 
temperatures between 20 and 45°C. Psychrophiles have optimum tem¬ 
peratures below 20°C, whereas thermophiles grow most rapidly above 45°C. 

Many microorganisms that have been reported to be psychrophilic do not 
fit the present definition of this group. Some microbiologists have considered 
any microorganism capable of multiplication at 0°C to be psychrophilic. Most 
of these organisms were actually mesophiles with broad temperature ranges 
that could grow only very slowly at 0°C. More recent studies have shown that 
true psychrophiles have maximum temperatures for growth of approximately 
20°C and optimum temperatures of 15°C or below. Mesophiles that can grow 
at temperatures within the psychrophilic range have been called facultative 
psychrophiles , but a preferable term is psychrotroph. Since the temperature of 
most ocean waters is permanently well below 20°C. the removal of organic 
matter polluting these waters, e.g., oil spills, must be primarily dependent on 



Figure 5-1 Hypothetical plot of the 
relationship between growth rate ^ 
and temperature for a mesophilic 
bacterium with an optimum tem¬ 
perature for grow'th of 37°C and a Qi 0 
J value of 2. Actually G, 0 values may 
50 not be constant over the entire tem¬ 
perature range. 
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the activity of psychrophilic microorganisms. Psychrotrophs, and possibly 
some psychrophiles, are important in the function of biological waste treat¬ 
ment facilities in cold climates, especially in winter. Psychrophilic micro¬ 
organisms are also important nuisance organisms when they grow in refri¬ 
gerated foods and other materials stored at low temperatures. 

Growth at temperatures of 0°C and below occurs only where water exists 
in the liquid state, as in water with high concentrations of salts. Most bacteria 
that have been shown to grow at temperatures below 0°C in the laboratory are 
marine organisms. Both fungi and algae have been found in arctic regions, 
often growing in association as lichens. Algae, which are readily observed due 
to their pigmentation, are commonly seen on the surface of snow and under 
ice on oxidation ponds and reservoirs. 

Among thermophilic microorganisms, those capable of growing at very 
high temperatures, i.e., above 60°C, are all procaryotes (see Table 5-1). Such 
extremely high temperatures are not found in many natural environments. 
Both blue-green bacteria and thermophilic species of eubacteria are com¬ 
monly found in hot springs. Thermophilic bacteria also have been found in 
domestic hot water heaters and in heated industrial process waters. These 
process waters, when discharged into receiving streams, may increase water 
temperatures sufficiently to make a profound difference in the metabolic 
activities of the microbial population (e.g., see White et al.. 1977). 

It is important to realize that growth and survival are not necessarily 
affected in the same way by temperature. Temperatures above the maximum 
at which growth can occur are generally lethal and thus affect both growth 
and viability. Temperatures below the minimum at which growth is possible 
are not normally lethal and thus affect growth but not viability. Micro¬ 
organisms may remain dormant without growing for considerable periods of 
time at low temperatures, and this fact is used to advantage by micro¬ 
biologists since it offers a convenient method of storage of microorganisms. 
Cultures of mesophilic and thermophilic microorganisms are commonly 
stored at 4°C. Storage at very low temperatures in the frozen state is possible 


Table 5-1 Approximate upper temperature 
limits for different microorganisms 


Organism 

Temperature. °C 

Protozoa 

45-50 

Eucaryotic algae 

56 

Fungi 

60 

Photosynthetic bacteria 


(including cyanobacteria) 

70-73 

Bacteria 

>99 


Source: Brock. 1979. 
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with proper precautions regarding the suspending medium and rate of freez¬ 
ing. Some loss of viability occurs, but a fraction of the population survives. 

Time is an important factor in considering the effect of temperature, 
particularly temperatures above the range of growth. Some effects of elevated 
temperatures are reversible, and a short exposure to an elevated temperature 
may not be lethal although longer exposure at that same temperature would 
be. The higher the temperature, of course, the less time is required for killing 
and the greater is the probability that irreversible damage will occur. 


Molecular Basis of Effects of Temperature 

The molecular basis of temperature limitation of growth is not understood. 
Two classes of molecules, lipids and proteins, have been implicated in various 
mechanisms proposed to explain the effects of temperature on growth and 
viability. Both types of molecules are affected in known ways by changes in 
temperature, and both perform essential functions in the cell. 

Lipids and temperature Lipids containing fatty acids are essential structural 
components of membranes, both the cytoplasmic membrane common to all 
cells and the internal membranes of eucaryotes and some procaryotes. The 
melting points of such lipids increase with the degree of saturation of the fatty 
acids. The cytoplasmic membrane must maintain the proper balance of 
fluidity and structural integrity to allow control of the passage of molecules in 
and out of the cell while preventing the loss of essential cellular contents. The 
importance of the content of saturated fatty acids to organisms growing at 
different temperatures is evident when the composition of lipids in the 
membrane of a psychrophilic species is compared with that in closely related 
mesophilic and thermophilic species. There is a direct correlation between the 
degree of saturation of the fatty acids of the membrane and the temperature 
range within which the organism is able to grow. An individual microorganism 
can also respond to growth at different temperatures within its tolerable range 
by changing the degree of saturation of its fatty acids. Escherichia coli, for 
example, can vary the percentages of saturated and unsaturated fatty acids in its 
cytoplasmic membrane by almost threefold when grown at 10 and 43°C—the 
extremes of its temperature range. Higher organisms exhibit the same 
phenomenon. Beef fat from animals grown in cold climates contains a higher 
percentage of unsaturated fatty acids and has a lower melting point than does fat 
from animals raised in warm climates. 

The effect of temperature on lipids is the basis of proposed mechanisms 
for both cessation of growth at low temperatures and death at high tem¬ 
peratures. At low temperatures, the fluidity of the membrane may be 
decreased sufficiently to prevent the functioning of transport systems, so that 
substrates cannot enter the cell rapidly enough to support even a low rate of 
growth. The transport of nutrients has been shown to vary with the growth 
temperature and degree of saturation of fatty acids in the membrane. At high 
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temperatures, membrane lipids may melt, causing loss of the structural 
integrity of the membrane and leakage of the cell contents. It must be 
remembered that “low” and “high” temperatures are not the same for 
different organisms. Psychrophiles are killed by even short exposure to room 
temperature in the laboratory, and death is accompanied by leakage of 
macromolecules from the cell. Thermophiles, on the other hand, can remain 
viable at temperatures near the boiling point of water but cease to grow at 
minimum temperatures far above those that are lethal for psychrophiles. 

Our present knowledge of membrane structure and function is not 
sufficient to explain these great differences in organisms growing at the two 
temperature extremes, but membrane function is undoubtedly important in 
determining the temperature at which an organism can grow or survive. Since 
bacterial membranes are the sites of the majority of the essential life proces¬ 
ses of the cell, any perturbation of the membrane might be expected to affect 
at least one of these processes. It has been suggested (Brock, 1979) that the 
more complex internal membranes of the eucaryotes are more susceptible to 
loss of function with increasing temperature than is the cytoplasmic mem¬ 
brane. If so, this may explain the fact that eucaryotes have not been found at 
temperatures higher than 60°C. Procaryotes that are dependent on internal 
membrane systems, e.g., the photosynthetic bacteria, are not able to grow at 
temperatures higher than 70 to 75°C. 

Proteins and temperature The other class of molecules involved in effects 
of temperature on growth and viability, proteins, perform much more varied 
functions in the cell than do lipids. Proteins, like lipids, are important 
structural components of membranes. Proteins are also structural components 
of the ribosome, along with RNA. Most of the many different protein 
molecules in the cell function as enzymes that catalyze the many reactions 
required for growth of the cell. For each of these roles, the specific protein 
involved must maintain a precise three-dimensional structure. Loss of func¬ 
tion results from an alteration in the conformation of the molecule. 

An increase in temperature affects proteins by causing thermal denatura- 
tion, an alteration of the functional spatial arrangement, which is usually 
irreversible. Elevated temperatures thus can inactivate many essential pro¬ 
cesses in the cell by inactivating the protein involved. It has been proposed 
that growth ceases when the temperature reaches the point at which the most 
heat-sensitive essential protein of the cell is denatured. Experimental evidence 
that this can occur is found in temperature-sensitive mutants. These are 
bacterial strains in which a single essential enzyme has been altered genetic¬ 
ally so that it is extremely sensitive to temperature. Such a mutant of 
Escherichia coli, for example, may grow at the normal rate at a temperature 
of 25°C but may not be able to grow at all at 37°C, which is the normal 
optimum temperature for E. coli. 

Thermal denaturation of proteins can cause loss of an essential enzyme 
function, alteration of membrane structure, or inactivation of the protein- 
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synthesizing machinery due to alteration of ribosome conformation. In 
different organisms, the first function to be affected by increasing temperature 
may differ, but in any organism, growth must cease when one essential 
function ceases. In general, enzymes that perform identical functions in 
thermophiles and mesophiles are very similar in amino acid composition, 
molecular weight, and other physicochemical characteristics, but enzymes 
from thermophiles are functional at temperatures above those at which their 
mesophilic counterparts are totally inactivated. The basis for this difference in 
thermostability has not been determined. 

In addition to the action of temperature in setting the upper and lower 
limits for growth of microorganisms, there is a continuous effect on the rate 
of growth at temperatures between the minimum and maximum. As tem¬ 
perature increases, the rate of each enzyme-catalyzed reaction in the cell 
increases and the rate of cell growth increases concomitantly. The Qio value 
for enzyme activity—that is, the ratio of activities at temperatures 10° 
apart—is the same as that for growth, between 2 and 3. At the optimum 
temperature for any microorganism, some protein denaturation is probably 
occurring, but this undesirable effect is just offset by the increased activity of 
the undenatured enzyme molecules and perhaps by an increased rate of 
protein synthesis. A further small increase in temperature increases the rate 
of denaturation to a degree that cannot be balanced by increased activity, and 
the growth rate decreases sharply. Temperatures above the maximum for 
growth are lethal, and death is dependent on the temperature and time of 
exposure. 

Selective Effect of Temperature 

Since temperature determines the rate of growth as well as the limits of 
growth, it is apparent that temperature must be an important factor in the 
selection of predominant microbial species in any habitat. In a mixed popu¬ 
lation of microorganisms, an increase of several degrees in the temperature 
may eliminate some species because their maximum limit has been exceeded. 
If the species eliminated constituted a significant fraction of the total micro¬ 
bial population, other organisms whose growth rate had been increased by the 
temperature shift would be able to take advantage of the greater availability 
of nutrients and thus increase rapidly in numbers. In a habitat where frequent 
variations in temperature occur, e.g., day-night variation, one would expect to 
find few organisms that are incapable of growth at the highest temperatures 
reached. 

The fact that increased temperature increases enzyme activity suggests 
that more rapid rates of substrate removal could be achieved if the tem¬ 
perature of biological treatment processes such as activated sludge could be 
increased and controlled. Such a modification of procedure presently is not 
feasible from an economic viewpoint but may become so in the future or 
might be so now in the treatment of wastes containing substrates that are 
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metabolized very slowly at the low temperatures characteristic of activated 
sludge installations. In industrial fermentations, temperature is closely con¬ 
trolled at the optimum for production of the desired product. This optimum 
must be determined experimentally and may or may not be the same as the 
optimum temperature for growth of the organism. 


pH AND MICROBIAL GROWTH 

A second environmental factor that, like temperature, influences the growth 
rate and limits growth is the hydrogen ion concentration, i.e., the acidity or 
alkalinity, of the aqueous environment. This is most conveniently expressed 
as pH, the negative logarithm of the molar concentration of hydrogen ion, H'. 

Each microbial species is characterized by minimum and maximum pH 
values defining the limits of the range of pH values within which growth is 
possible. The optimum pH value for any species is that at which the growth 
rate is most rapid. The minimum and maximum values that limit growth 
usually differ by only three to four pH units. However, it must be remem¬ 
bered that a difference of four pH units represents a change in H' concen¬ 
tration of ten thousandfold, so that a “narrow” pH range actually involves a 
very broad range of H” concentrations. The optimum pH value for growth is 
usually approximately midway between the minimum and maximum. 

While there are many exceptions, it is possible to make some genera) 
statements concerning the pH preferences of different types of micro¬ 
organisms [see Altman and Dittmer (1966) for data tables]: 

1. Most bacteria have pH optima near neutrality and minimum and maximum 
pH values for growth near 5 and 9, respectively. 

2. Most fungi prefer an acid environment and have minimum pH values 
between 1 and 3 with an optimum pH near 5. 

3. Most blue-green bacteria have pH optima higher than 7. 

4. Most protozoa are able to grow in the pH range 5 to 8, with an optimum 
pH near 7. 

Some bacteria, a few protozoa, and many fungi are capable of growing 
over surprisingly broad pH ranges. One species of the fungus Penicillium has 
been reported to have a minimum pH value for growth of 1.6 and a maximum 
of 11.1. The sulfur-oxidizing bacterium Thiobacillus thiooxidans grows most 
rapidly in the pH range 2.0 to 3.5 and has been reported to grow over the 
entire range of less than 0.5 to greater than 9.5, although more recent studies 
have placed its maximum pH at 6.0. A marine species, T. neapolitanus, grows 
over the range of 3.0 to 8.5. In contrast, a marine bacterium, Nitrospina 
gracilis , which oxidizes nitrite to nitrate, grows only between pH 7.0 and 8.0. 

Although some human pathogens have a restricted pH range for growth, 
the adaptation to the constant environment of the body has apparently not 
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occurred as frequently with pH as with temperature. Streptococcus pneu¬ 
moniae, the cause of bacterial pneumonia, grows over a narrow pH range, 7.0 
to 8.3, with an optimum of 7.8, but the pathogenic species of Salmonella and 
Shigella are capable of growth over the same broad range, pH 4.5 to 9.5, as 
are related, nonpathogenic organisms, such as Enterobacter aerogenes. Since 
the pH of many natural environments is near neutrality, pH is not often a 
factor in the survival of most human pathogens outside the body. 

Two aspects of the relationship of microorganisms to pH deserve parti¬ 
cular attention. First, changes in the pH of the environment are most likely to 
be brought about by microorganisms themselves. Second, the internal pH of 
the cell, unlike the temperature, is not determined solely by the environment. 
The microorganism can control the passage of ions, including the hydrogen 
ion, into and out of the cell, at least within limits. Therefore, the effects of pH 
on the cell may be indirect. 

Alteration of pH by Microbial Activity 

Many metabolic activities of microorganisms result in the formation of acidic 
or alkaline products. Organisms capable of growing in the absence of oxygen 
obtain energy through the fermentation of organic compounds, primarily 
carbohydrates. Sugars are converted to a variety of products, many of which 
are organic acids. These are released from the cell and can result in a 
decrease in external pH of sufficient magnitude to inhibit growth. The lactic 
acid bacteria, for example, which are used in the manufacture of dairy 
products such as buttermilk and sour cream, convert the lactose in milk to 
lactic acid and lower the pH to approximately 4.0 to 4.5, at which point they 
cease to grow. If other, more acid-tolerant organisms are present, they may 
continue to grow, and the predominant species thus change due to the 
lowering of the pH by metabolic products. 

Organisms growing in an aerobic environment also produce acids. Oxida¬ 
tion of organic compounds may produce sufficient carbon dioxide to lower the 
pH values significantly if the aqueous environment is not sufficiently buffered. 
Bacteria growing at low oxygen tension (see below) may only partially oxidize 
substrates and often release acidic metabolic intermediates. Other types of 
stress may cause the release of incompletely metabolized acidic products (see 
Chap. 13). Even in the presence of sufficient oxygen during normal aerobic 
growth, some bacteria may release acidic organic products that can later be 
taken into the cell and further metabolized. In a mixed population of bacteria, 
the products released by one type of organism may, of course, be used by 
another species. 

A few specialized types of bacteria produce large amounts of acid and a 
very low pH unsuited to the growth of other bacteria. Several species of 
Thiobacillus are capable of reducing the pH of their surroundings to less than 
1.0 by oxidizing sulfur or reduced sulfur compounds such as hydrogen sulfide 
or thiosulfate to SO4” (sulfuric acid). These organisms are responsible for 
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crown corrosion in concrete sewers, where hydrogen sulfide is produced 
when sewage becomes anaerobic. They are also responsible for the low pH 
value of acid mine drainage waters, but their ability to oxidize sulfides is of 
value in certain mining operations where they are used to leach metals such 
as copper from low-grade ores. These organisms can also be used to release 
oil from oil shale. Their ability to form acid from sulfur makes them useful in 
dissolving rocky material, allowing easier extraction of the oil. The acetic acid 
bacterium Acetobacter is used in the commercial production of vinegar, in 
which ethanol is oxidized to acetic acid. These organisms can tolerate a pH 
value as low as 1.0. 

Microorganisms also can cause an increase in the pH of their surround¬ 
ings by the release of alkaline products or by removal of certain ions from the 
environment. The most common cause of increased pH is the metabolism of 
proteins, peptides, or amino acids. Deamination, i.e., removal of the amino 
group as NH 3 , results in the formation of ammonium hydroxide when am¬ 
monia is released by the cell. Use of anions, e.g.. the nitrate of NaN0 3 , causes 
an increase in external pH values, whereas the use of cations, e.g., the 
ammonium ion of (NH^SCC, causes a decrease in pH. Algae, which use 
inorganic carbon for the synthesis of cell material, i.e., as a carbon source, 
may increase the pH of an oxidation pond or a stream to 9 or above by the 
removal of large amounts of carbonate ion. 

Obviously, when microorganisms are cultivated in the laboratory or in 
industrial processes, their propensity for altering the pH of their environment 
must be controlled to maintain the pH that is optimum for growth or for 
production of the desired product. This is accomplished in laboratory cultures 
by the addition of a buffer to the medium. The most commonly used buffer in 
synthetic media is a mixture of phosphate salts that has a maximum buffering 
capacity near neutrality, fn cultures producing very large amounts of acid, 
powdered CaC0 3 is used. This is insoluble, and as acids are formed, they 
react with the CaC0 3 to produce insoluble calcium salts with the release of 
C0 2 . In commercial installations, the pH is often controlled by automatic 
titration, i.e., continuous monitoring of pH changes with addition of acid or 
base as required. 

In the biological treatment of domestic sewage, pH is not of concern 
since the pH value of sewage is near neutral and some components of sewage 
provide buffering action (e.g., amino acids are fairly good buffers). Some 
carriage waters also contain inorganic ions, such as carbonate, which resist 
lowering of the pH level by acidic metabolic products. In the treatment of 
many industrial wastes, however, it is necessary at least to provide initial 
adjustment of pH values to the neutral range if biological treatment is to be 
successful. This is a significant economic factor in the treatment of extremely 
acid or alkaline wastes. Combined treatment of wastes with differing pH 
values or a combination of an industrial waste with domestic sewage may, 
when feasible, circumvent or reduce the need for pH neutralization prior to 
treatment. 
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In anaerobic treatment of industrial wastes or sewage sludge, pH control 
is of perhaps even greater concern than in aerobic treatment, because the 
organisms needed for the success of the process have a more narrow range of 
pH tolerance. Therefore, the pH of anaerobic digesters must be monitored 
closely. 

Molecular Basis of Effects of pH 

The control of growth rate and viability by pH is no more completely 
understood than is the effect of temperature. An obvious explanation might lie 
in the effect of the pH on enzymatic activity, since each enzyme is active 
within only a specific and usually narrow pH range and displays maximum 
activity at an optimum pH. However, this explanation cannot account for all 
the effects of pH. While it is technically impossible to measure the internal 
pH value of a microbial cell, it seems reasonable to conclude that the internal 
pH cannot be identical with that of the environment, and it even seems likely 
that the pH may vary in localized areas within the cell. Determinations of the 
pH optima of enzymes have shown that the enzymes of cells capable of 
growing in extremely acid or alkaline environments do not necessarily have 
pH optima corresponding to the optimum pH for growth of the cell, and they 
may even be totally inactive at a pH at which growth occurs. It is not unusual 
to find, in cells that grow most rapidly at pH values near neutral, specific 
enzymes that are optimally active at a pH of 9 or above and other enzymes 
that are inactive or only slightly active at pH 9. The significance of such 
measurements is somewhat questionable, however, since determinations of 
the effect of pH on the activities of individual enzymes involve measurements 
with purified enzyme preparations. It is possible that the enzyme in its 
intracellular location may be bound to other cellular components that could 
alter the effect of pH on its activity. (The same precaution applies, of course, 
to measurements of temperature optima for purified enzymes.) 

An additional consideration complicates the relationship between the cell 
and the internal and external concentrations of H ions. The most recently 
proposed mechanism for the transport of a variety of ions and organic 
compounds across the bacterial cell membrane involves the establishment of 
a pH gradient across the membrane. The translocation of protons (H" ions) 
generates an electrochemical gradient, or proton-motive force, across the 
membrane, which drives the transport of other materials into the cell. Much 
evidence has accumulated recently in support of this theory—the chemi- 
osmotic model of Mitchell (Hamilton, 1975, 1977). Experiments with mem¬ 
brane preparations have shown that the pH gradient across the membrane is 
affected by the pH of the aqueous environment, and this in turn affects the 
driving force for transport. The proton-motive force is also implicated in the 
energy-generating processes of cells that form ATP through electron trans¬ 
port (see Chap. 7), and the external pH may possibly affect the growth of 
bacteria by altering their ability to synthesize ATP. 
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Although the mechanism by which pH affects growth rate and viability is 
not known, it seems reasonable to conclude that the effect of pH on the 
transport of materials across the membrane is a very important factor and 
perhaps the determining factor in influencing growth. The effects of pH on 
transport are both direct and indirect. A direct effect is exerted through 
alteration of the pH gradient across the membrane. For compounds that are 
transported by binding to specific membrane proteins, pH may control the 
configuration and thus the activity of the binding protein. The external pH 
also determines the ionization state of nutrients required by the cell and of 
compounds that may be toxic to it. Cells are more readily permeable to 
nonionized than to ionized compounds. The ionization of a required nutrient 
may make it unavailable to the cell, whereas a toxic compound may become 
inhibitory only at a pH at which it is not ionized. Some required inorganic 
nutrients may become less available with a change in pH because of the 
formation of insoluble salts. 

Selective Effects of pH 

As in the case of temperature, pH determines whether any microbial species 
can proliferate in a particular environment and the rate at which it can 
reproduce. In contrast to temperature, however, the primary determinants of 
the pH are usually the microorganisms themselves. As we have seen, micro¬ 
organisms can alter the pH of their environment through various metabolic 
activities, and these alterations are often disadvantageous to the microbial 
species that cause them. Some microorganisms are able to create environ¬ 
ments in which few other microorganisms can survive, and if they themselves 
can survive the conditions they create, they may thus eliminate competitors. 
In many cases, however, the alterations in pH caused by a microorganism 
may encourage the predominance of a competitor. Bacteria may produce 
acidic products that decrease the pH value in an insufficiently buffered 
environment and allow fungi to become predominant. 

The pH of the environment is not always the result of microbial activity, 
since many inorganic salts present in soil and natural waters may influence 
their pH, and the discharge of industrial wastes into receiving streams may 
cause highly acidic or alkaline conditions in localized areas. However, the 
ability of microorganisms to alter pH is the basis of significant interactions 
between species. Since pH affects growth rate, changes in pH, like changes in 
temperature, may cause drastic shifts in the relative numbers of different 
species in the population. Sakharova and Rabotnova (1976) found a number of 
effects of changes in the pH of the external medium on Bacillus megaterium , 
a common soil and water organism. Utilization of the carbon and energy 
source, efficiency of substrate utilization, synthesis of protein, synthesis of 
storage materials of different types, and release of metabolic products from the 
cell, as well as other aspects of cellular metabolism were drastically affected 
by changes in pH over the range within which the organism can grow, 
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4.6 to 9.6. All of these factors are very important in determining the ability of 
a microbial species to compete with other species in a mixed population. 
There is a great need for study of the effects of both pH and temperature and 
of the interactions between these two important environmental variables 
using mixed cultures of microorganisms under controlled conditions in the 
laboratory. 


OXYGEN AND MICROBIAL GROWTH 

Until Pasteur investigated the production of alcohol by yeasts, it was believed 
that life was possible only in the presence of air. For higher organisms this is 
correct, but many bacteria and some protozoa can grow only in the total 
absence of air (oxygen), while many other bacteria and some fungi and 
protozoa are capable of growth in either the presence or absence of oxygen. 
Algae, since they produce oxygen during photosynthesis, are aerobic 
organisms. 

Organisms that require oxygen are classified as strict or obligate aerobes. 
Those that cannot grow in the presence of oxygen are strict or obligate 
anaerobes, and those that can grow with or without oxygen are facultative 
anaerobes. Some microorganisms, classified as microaerophiles, require low 
concentrations of oxygen (reduced oxygen tension) and do not grow either at 
atmospheric oxygen pressure or in the absence of oxygen. Such organisms 
may grow well in polluted waters where the oxygen concentration is low. One 
such organism, often found in polluted streams, is Sphaerotilus natans. Some 
microaerophilic bacteria are human and animal pathogens, e.g., Listeria and 
Erysipelothrix. The latter require elevated partial pressures of carbon dioxide 
for good growth. 

Oxygen is required by aerobes for two purposes. The major requirement 
is as a terminal electron acceptor for the electron transport system necessary 
for the generation of energy (see Chap. 7). A very small amount of oxygen is 
required in certain enzymatic reactions. The oxidation of hydrocarbons, for 
example, requires the addition of molecular oxygen to the molecule. Synthesis 
of sterols and unsaturated fatty acids also involves reactions that require 
molecular oxygen. Organisms growing in the absence of oxygen cannot 
metabolize hydrocarbons and may require sterols or unsaturated fatty acids. 
Yeasts require oleic acid, an 18-carbon unsaturated fatty acid, when growing 
anaerobically, although they are able to synthesize it during aerobic growth. 
Other anaerobic organisms, however, are capable of synthesizing unsaturated 
fatty acids by a different series of reactions that do not involve oxygen. 

Toxic Effects of Oxygen 

Oxygen can be toxic even to strict aerobes when supplied at greater than 
atmospheric pressure (e.g., when the atmosphere in an incubator contains 
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more than 20 percent oxygen by volume). Anaerobic organisms are usually 
quite sensitive to oxygen, although a few are aerotolerant. Strict anaerobes 
are killed by exposure to oxygen. This sensitivity may be extreme, as in the 
case of some methane-forming bacteria, which can be grown in the laboratory 
only by taking great care to remove all traces of oxygen from their environ¬ 
ment. These organisms function well in the totally anaerobic environment of 
the anaerobic digester, where any traces of oxygen are removed by facul¬ 
tative anaerobes present in the mixed population, and in the anaerobic muds 
at the bottom of polluted ponds, swamps, and marshes. 

The toxicity of oxygen results from the formation of toxic products in 
enzymatic reactions involving oxygen. Flavoproteins such as the amino acid 
oxidases form the toxic product hydrogen peroxide: 

O 0 0 

II II II 

R—CH—C—OH + O. + HiO -* R—C—C—OH + NH 3 + H 2 0 2 

I 

nh 2 


Small amounts of even more toxic products are also formed in enzymatic 
reactions involving oxygen. The free radical form of oxygen, superoxide 
anion, 0 2 , and the products formed from superoxide, singlet oxygen, 'O?, and 
hydroxyl free radical, 0H-, are extremely reactive and highly toxic. 

Microorganisms that are able to grow in the presence of oxygen form 
enzymes that destroy these toxic products. All aerobic and aerotolerant 
microorganisms form the enzyme superoxide dismutase, which catalyzes the 
reduction of superoxide to hydrogen peroxide and thus prevents the for¬ 
mation of more toxic products: 


203 + 2H~-»0 2 + H 2 0 2 


Aerobic organisms also form a second enzyme, catalase, which decomposes 
hydrogen peroxide: 


2H 2 0 2 -»0 2 + 2H 2 0 


A few organisms that are capable of growth in air, notably the lactic acid 
bacteria, form no catalase. These organisms are able to decompose hydrogen 
peroxide by a different mechanism in which the enzyme peroxidase catalyzes 
the reaction of hydrogen peroxide with any of several types of organic 
compounds. The hydrogen peroxide in this reaction is converted to water. A 
simple test to determine whether an organism forms catalase involves placing 
a drop of 3 percent hydrogen peroxide on a colony. The presence of catalase 
is indicated by vigorous bubbling as oxygen is released. 
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Selective Effects of Oxygen 

Since some microorganisms exhibit an absolute requirement for oxygen, 
others require reduced oxygen tension, and still others die when exposed to 
oxygen, the availability of oxygen in the environment is an extremely im¬ 
portant factor in selecting the organisms that inhabit that environment. 
Obligate aerobes can be maintained only in habitats that are not subjected to 
significant periods of anaerobiosis, whereas obligate anaerobes will be eli¬ 
minated from any habitat in which they are exposed to oxygen unless they are 
able to persist in resistant forms such as spores. In habitats subject to 
frequent alternations between aerobic and anaerobic conditions, facultative 
anaerobes or organisms indifferent to the presence of oxygen, e.g., the lactic 
acid bacteria, have a selective advantage since they can continue to proli¬ 
ferate with or without oxygen. 

Organisms with different oxygen requirements may grow in close proxi¬ 
mity in environments not subject to frequent mixing. In muds at the margin of 
ponds and streams, aerobes and facultative anaerobes may flourish in the 
upper layer, effectively removing all oxygen so that anaerobes are able to 
grow in the deeper layers. Similar relationships may exist in deep ponds and 
lakes. 


Oxygen Tension 

The effects of oxygen tension, i.e., the dissolved oxygen concentration in the 
liquid medium, on aerobic organisms for which oxygen is not toxic have 
received considerable attention. The possible effects of major practical inter¬ 
est are those on the respiration (oxygen utilization) rate, biomass yield, cell 
composition, viability, utilization of soluble and colloidal carbon and energy 
sources, autodigestion, production of specific enzymes, and formation of 
metabolic products. 

Extracellular products of facultatively anaerobic organisms can be greatly 
modified, quantitatively and qualitatively, by varying the oxygen tension. For 
example. Enterobacter aerogenes, using glucose under anaerobic conditions, 
forms few cells but considerable amounts of ethanol, formic acid, butanediol, 
acetic acid, acetoin, and carbon dioxide. Under slightly aerobic conditions, 
ethanol and formic acid are no longer made. Under greater oxygen tension, 
acetoin and butanediol are no longer made. Finally, at higher oxygen tension, 
acetic acid is no longer produced. The amount of soluble organic end products 
decreases, and greater amounts of carbon dioxide are produced as the system 
experiences a greater degree of aerobiosis. On the other hand, maximum 
production of acetic acid by the fungus Aspergillus niger requires significantly 
greater oxygen tension than that required for maximum growth. 

The production of specific extracellular enzymes can be affected by the 
oxygen tension. In some aerobic organisms, increased aeration increases the 
production of certain extracellular enzymes, whereas in others, enzyme 
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production is hampered by high oxygen concentration. Such aspects are 
extremely important to the breakdown or hydrolysis of macromolecules 
found in wastewater and to the aerobic as well as anaerobic digestion of 
excess biomass at treatment plants. Various types of proteinases, lipases, 
carbohydrases, and nucleic acid-degrading enzymes (nucleases) are needed. 
Also, the activity of these enzymes after they are synthesized can be affected 
by oxygen tension (and degree of agitation). Some enzymes are inhibited at 
high oxygen tension; thus, a high degree of aerobiosis may either help or 
hinder, depending on the species of organisms and types of substrates 
present. The fact that there are great numbers and types of macromolecular 
substrates to be degraded offers one of the explanations for conflicting reports 
on the effects of oxygen tension and mixing in bioreactors, since these effects 
may depend on the nature of the wastewater and other operational conditions 
affecting the chemical and ecological makeup of the biomass. This variability 
points out the need for environmental technologists to examine many 
experiments and make many observations on the behavior of the biomass 
under varying conditions before accepting generalizations or drawing con¬ 
clusions. 

Much of the work on the effects of oxygen tension has been concerned 
with respiration rate, organic carbon source utilization, and cell production. 
For the most part, in aerobic organisms capable of existing in anaerobic 
environments, i.e., facultative anaerobes of the type commonly found in 
aerobic biological treatment plants, the respiration rate (oxygen uptake rate) 
increases as the oxygen tension or agitation is increased. The amount of 
increased respiratory activity with increased aeration can vary with the 
species of microorganisms present and, for the same species, with the nature 
of the organic carbon source. However, maximum aerobic respiration can be 
observed at low oxygen tension values; such is the case with E. aerogenes, an 
organism commonly found in municipal sewage. 

It should be made clear that in most cases studied, the increased respira¬ 
tion rate with increased DO tension involves very low DO levels. It generally 
has been found that above a certain “critical” DO concentration, increased 
levels of DO add little to aerobic respiration rates. The critical level is usually 
very low for dispersed as compared with flocculated cells. As a point of 
reference, the critical DO level is defined as the DO concentration at which 
the oxygen uptake rate of the cells is half of the maximum rate recorded for 
the system when DO is present in abundance. Thus, if a hyperbolic relation¬ 
ship were observed, the critical DO would be the equivalent (analytically but 
not necessarily physiologically) of the shape factor K m of the Michaelis- 
Menten equation. The critical dissolved oxygen concentration has usually 
been found to be less than 0.1 mg/L. Above this level, the DO does not greatly 
affect the respiration rate. For flocculated heterogeneous microbial popu¬ 
lations, the critical DO is generally found to be higher—0.5 mg/L. To provide 
a factor of safety, maintenance of a 2.0 mg/L concentration is generally 
recommended. Above critical DO levels, some increase in respiration and 
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decrease in biomass yield have been observed in systems wherein both DO 
and vigor of mixing (i.e., mixing and velocity gradient) were increased 
(Rickard and Gaudy, 1968b). Holding mixing energy constant at a reasonably 
high value while varying the DO at concentrations above the critical range 
(1.4 to 7.1 mg/L) did not provide a noticeable change in the respiration rate or 
cell yield, but a slight increase in the total removal of soluble substrate was 
noticed. 

It may be reasoned that as floe size increases, the critical DO increases 
because the oxygen molecule must penetrate farther into the biomass to reach 
interior cells and, assuming it is better to have these operate aerobically, it 
may be better to use higher DO. It could also be argued that no matter what 
the DO concentration in the medium, oxygen may never penetrate to the most 
interior cells unless the floe size is controlled to reasonable limits. The recent 
introduction of oxygenation systems using pure oxygen rather than air gives 
practical importance to such considerations. It has been argued that main¬ 
tenance of supersaturated DO levels and decreased agitation or mixing in 
activated sludge processes foster the building of larger and more rapidly 
settling floe particles while providing penetration of sufficient oxygen to the 
interior of the floe. Selection of a system using either pure oxygen or air is 
often based entirely on consideration of space and cost, but there is also need 
to compare the two systems from a scientific and technological standpoint, 
and on this score there is considerable debate (Kalinske, 1976; Parker and 
Merrill, 1976). There may be an optimum floe size that could be controlled 
by agitation force with the system held at a specific DO by enhanced oxygen 
content in the aerating gas. Such possibilities await highly controlled experi¬ 
mental study, as does the question of whether it is a good idea to even 
attempt to maintain the interior population aerobic. The difficulty in measur¬ 
ing the DO at the interior of the floe represents an investigational challenge in 
itself. In any event, if it is possible to decrease the vigor of agitation and 
mixing by increasing DO tension, there is also a practical limit to the extent to 
which floe size can be allowed to increase, because it is essential to keep the 
contents mixed in the reactor. Furthermore, complete mixing is a hydraulic 
regime recommended in most process design models, and this requires con¬ 
siderable mixing force, especially if high biomass concentrations are used in 
the treatment reactor. The problems of providing absolute scientific proof in 
regard to the possible functional advantages of each means of providing 
oxygen are great, and some engineers take the attitude that only full-scale 
plant comparisons can provide a basis for deciding which type of system to 
use. Such an attitude is understandable, but it is somewhat reminiscent of 
Charles Lamb’s instructive story—that is, it ought not be necessary to burn 
down the whole house to determine the best way to roast a pig. Clearly, more 
investigational work is warranted in this area, and it should be possible to 
obtain definitive and decisive answers at much lower experimental costs than 
those incurred by the taxpayers who support 75 percent of the cost of 
full-scale municipal plants. 
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Mixing and Aeration 

The degree and vigor of mixing can exert profound effects on both the 
selection of species and the general behavior of the species thus selected. In 
general, mixing tends to homogenize the population in regard to the dis¬ 
tribution of species within the system, because it tends to prevent localized 
differences in temperature and chemical composition (nutrients, dissolved 
oxygen, hydrogen ion, etc.) and it encourages microbial confrontations that 
might not occur were it not for this important hydraulic consideration. Mixing 
is often discussed concurrently with aeration because the vigor of mixing 
enhances the transfer of oxygen, which in turn may determine not only the 
types of organisms present (aerobic, anaerobic, or facultative) but also the 
rate of metabolism, the efficiency of substrate utilization, and the amount of 
microbial product, whether this product is the cells themselves or specific 
compounds produced by the cells. 

Mixing also has ramifications to the separation processes following 
microbial growth in engineered systems. In some industrial processes, the aim 
is to expose as much cell surface to nutrient as possible; thus, one aims for as 
much dispersed growth (in contrast with flocculated or agglutinated cells) as 
possible. Vigorous agitation can be expected to enhance dispersion. However, 
when we consider a fluidized secondary biological wastewater treatment 
process (e.g., activated sludge), dispersed growth may be disadvantageous 
because current economic considerations dictate quiescent settling as the 
method of separating the mixed liquor and the cells. Increased agitation 
(mixing) can lead to smaller floe size and, unless the microbial floes reassem¬ 
ble during the short time of travel from the agitated growth reactor to the 
quiescent settling tank, the efficiency of separation may be hampered. In 
addition, in such systems, the metabolic efficiency of the removal of soluble 
and colloidal organic matter may be related to the diversity of the population 
in the feeding community represented by the various types of microbial 
species within the floe particle. This microecosystem may be disrupted by 
shear forces. On the other hand, insufficient mixing can cause the floe size to 
become too large, militating against rapid settling as well as decreasing the 
compactability or thickening properties of the settled biomass. Also, as noted 
previously, if floe particles are too large, the passage of nutrients to the 
interior portions can be hampered, lowering the efficiency per unit biomass. 
Slowing of the transport of substrate and oxygen may cause widely differing 
growth conditions in parts of the floe community. If the floe particle is too 
large, the interior regions may become essentially anaerobic. If oxygen cannot 
penetrate, there is reason to surmise that larger substrate molecules have less 
chance of doing so. The lack of exogenous substrate as well as oxygen can 
lead to fermentative digestion of the cells, thus releasing organic matter that 
already had been extracted from the wastewater. This may be an important 
source of inefficiency or, on the other hand, the death of cells and release or 
formation of organic compounds not originally in the wastewater may 
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enhance species diversity, which is the most valuable result of the use of 
heterogeneous rather than pure cultures in waste treatment systems. The 
above statements are made in a speculative vein, largely because one must be 
aware of the reasonable possible effects of mixing but also because there are 
few definitive experimental data upon which to base conclusions. 

In addition to effects on the metabolic and physical behavior and species 
makeup of the biomass, mixing has another important ramification to the 
environmental technologist in the area of design of growth reactors and the 
analysis of metabolic reactions occurring therein. It will be shown in Chap. 6 
that if the fluidized system of substrate and cells can be shown to be 
homogeneously mixed, mathematical manipulations and predictive equations 
for design can be simplified. 

Most of the information in regard to mixing is tied to considerations of 
aeration, and there has been great controversy over the relative effects of DO 
concentration (oxygen tension) and agitation (mixing). The two have been 
considered together, and although efforts have been made by many to judge 
their separate effects, questions still remain and there is practical need to 
resolve them. One might ask whether vigor of agitation alone has any effect 
on the rate of metabolism. In an anaerobic system, one can avoid the 
complication of concomitant consideration of DO level. The general finding in 
industrial fermentations and in anaerobic digestion of sludge is that some 
mixing is beneficial in enhancing the rate of fermentation and/or gas produc¬ 
tion. The general conclusion has been that a stirred reactor gives better results 
than does a nonstirred reactor. There is little or no information allowing one 
to make quantitative conclusions regarding the increase in rate with increas¬ 
ing vigor of mixing. In general, in sludge digestion, mixing increases the rate 
of gas formation and allows higher loading of digesters by making better use 
of the reactor volume. There are fewer nonreacting portions, temperature is 
more nearly the same in all parts of the digester, and mixing facilitates release 
of the gaseous reaction products (largely carbon dioxide and methane). 
Mixing and aeration are important unit operations, and much valuable in¬ 
formation on mass transfer concepts, equipment, methods of aeration, and 
mixing can be found in the literature (e.g., see Kalinske, 1976; Parker and 
Merrill, 1976). In regard to the effects of mixing on the chemical and ecological 
character of the biomass, there is evidence that an increase in the mixing 
energy can reduce the cell yield (proportion of the carbon source channeled to 
synthesis of biomass) and increase the amount of substrate respired in 
heterogeneous microbial populations; an increase in oxygen uptake has also 
been observed in pure culture systems. Increased agitation has been observed 
to decrease the proportion of filamentous forms in the biomass. Whether this 
is due to increased shearing of filaments of fungi, which are generally highly 
aerobic, or whether increased DO levels discourage the growth of filamentous 
bacteria that seem to grow better at lower DO levels, such as Sphaerotilus 
natans. cannot really be concluded on the basis of available data. Some 
studies made over a wide range of velocity (mixing) gradients show little or no 
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increase in efficiency of removal of soluble carbon source and amounts of 
RNA, DNA, and protein synthesized. There is some evidence of decreased 
carbohydrate synthesis as agitation is increased. 


NUTRITIONAL REQUIREMENTS FOR GROWTH 

Knowledge of the exact chemical composition of a specific type of microbial 
cell would allow one to design an ideal nutrient solution for that organism 
containing all the required elements in the correct proportions. Such detailed 
information is seldom available, nor is it often necessary. Since all living cells, 
with a few exceptions such as the silica-containing diatoms, are composed of 
similar types of compounds, they have similar elemental compositions and 
therefore require the same elements in roughly the same relative amounts. 
Also, while a microorganism cannot reproduce if an essential element is 
totally unavailable, the composition of cells may vary somewhat, depending 
on the available nutrients and other factors such as temperature and pH. 


Required Elements 

The elemental composition of a typical bacterial cell, Escherichia coli, was 
shown in Table 3-1. Only four elements, carbon, oxygen, nitrogen, and 
hydrogen, make up more than 90 percent of the dry weight of the cell. These 
elements, plus phosphorus and sulfur, comprise the macromolecules of the 
cell. The remaining 4 percent of the dry weight of the cell includes a large 
number of elements—potassium, sodium, calcium, magnesium, chlorine, iron, 
manganese, cobalt, copper, boron, zinc, molybdenum, and others. Elements 
required in very small amounts are referred to as trace elements. It is difficult 
to demonstrate a requirement for them since they occur, in sufficient amounts 
to supply the cells’ needs, as contaminants of other components of a synthetic 
medium. Certain elements are required in greater quantities by some cells 
than by others. Nitrogen constitutes a smaller proportion of fungal than of 
bacterial cells. Magnesium, as a constituent of chlorophyll, would be required 
in greater amounts by photosynthetic than by nonphotosynthetic organisms. 
Iron, which is a constituent of the cytochromes and of catalase and peroxi¬ 
dase, would generally be present in higher concentrations in aerobes than in 
anaerobes, although anaerobes also require iron as a cofactor for other 
enzymes. The trace elements in general, as well as potassium, calcium, and 
magnesium, serve as inorganic cofactors for, or constituents of, specific 
enzymes or organic cofactors. Certain cations such as zinc also may be 
involved in maintaining the structural integrity of the cell wall in Gram¬ 
negative bacteria. 

Since the elemental requirements of the vast majority of living cells are 
qualitatively and quantitatively alike, the elemental composition of the 
environment is not a significant factor in the selection of microorganisms that 
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may flourish in that environment except for the few microorganisms, e.g., 
diatoms, with special requirements. The chemical composition of the 
environment is, nonetheless, probably the most important factor in the 
selection of species in many habitats. This selectivity results from the fact 
that microorganisms vary greatly in their ability to obtain required nutrients 
from specific sources. Two closely related species that have exactly the same 
elemental composition and the same requirements for pH, temperature, and 
oxygen, may be unable to occupy the same habitat because of a single 
difference in nutritional requirements. The specific form in which a required 
element is available thus becomes a controlling factor in selecting species. In 
an environment containing an abundance of organic molecules of many types, 
which in the laboratory would be called a complex medium, a great variety of 
microbial species would be able to grow, and other factors such as growth 
rate at the prevailing pH and temperature would become of primary im¬ 
portance. However, many natural habitats, particularly surface waters, are 
not rich in a variety of organic compounds, so nutritional considerations 
become paramount in selecting the predominating species. 

Not all required elements are equally important in determining pre¬ 
dominating species. All elements present in the cell in minor proportions, i.e., 
phosphorus, sulfur, etc., can be utilized in the form of inorganic salts by 
almost all microorganisms. A few organisms require organic sulfur, but in 
general the same forms of these elements can support the growth of the vast 
majority of microbial species. Of the four elements comprising the bulk of the 
dry weight of the cell, i.e., carbon, oxygen, nitrogen, and hydrogen, only 
carbon and nitrogen are of selective importance. The hydrogen and oxygen of 
the cell are derived from water or from other compounds utilized by the cell. 
Thus, the major differences in nutritional requirements of microorganisms are 
based on the specific sources of carbon and nitrogen that they are able to 
utilize for the synthesis of cellular material. 


Organic Growth Factor Requirements 

The reproduction of a cell requires synthetic reactions of two general types. 
First, small organic molecules such as amino acids, purines, pyrimidines, 
sugars, vitamins, and many others must be synthesized from whatever start¬ 
ing materials are available to the cell, unless the required compounds can be 
obtained preformed from the surrounding liquid. Second, many of these small 
molecules must be assembled into the structural and functional macromole¬ 
cules of the cell. All such reactions, syntheses of small molecules and their 
polymerizations, are catalyzed by specific enzymes. Only cells containing the 
genetic information that specifies the structure of a particular enzyme protein 
can carry out the reaction for which that enzyme is the specific catalyst. The 
ability of the cell to utilize specific compounds as starting materials for the 
synthesis of cellular material is also determined by the genetic information of 
the cell, since such starting materials must be partially metabolized and 
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converted into intermediary metabolic products that serve as substrates for 
the initial reactions of the various biosynthetic pathways. More will be said of 
all these reactions later. The point to be stressed here is that each reaction in 
the cell is carried out by a specific enzyme, the structure of which is specified 
by the DNA of the cell. If that genetic information is absent or incorrect, the 
reaction cannot occur. Thus, it is the differences in genetic information 
possessed by different species of microorganisms that determine their 
metabolic abilities and their nutritional requirements for growth. Micro¬ 
organisms, as well as higher organisms, that are not able to synthesize all of 
the small organic molecules required for proper function and for reproduction 
are nevertheless able to survive and reproduce if an external supply of the 
required compounds is available. A defect in the ability to polymerize small 
molecules cannot be compensated by external supply of the polymer, e.g., a 
protein, RNA, or DNA. Synthetic deficiencies leading to requirements for 
growth factors are therefore limited to those involving small molecules as 
products, i.e., the first type of synthetic reaction mentioned above. 

Microorganisms exhibit a broad spectrum of synthetic abilities. At one 
extreme are the most self-sufficient organisms, the prototrophs. Given an 
assortment of inorganic salts containing the required elements and carbon 
dioxide or a single organic compound as starting material, these organisms 
can synthesize all of the hundreds of compounds that make up the cell. At the 
other extreme are those organisms that have very limited synthetic abilities. 
Such organisms require a large number of organic growth factors, i.e., amino 
acids, vitamins, purines, and pyrimidines. Leuconostoc mesenteroides, one of 
the lactic acid bacteria, is an example of these nutritionally exacting bacteria. 
It can synthesize proteins, for example, only if supplied with an external 
source of all the amino acids. Many human and animal pathogens have 
adapted to their parasitic mode of life by losing many synthetic abilities, and 
they thus require very complex media when cultured in the laboratory. 

Microorganisms that cannot synthesize the compounds required for 
growth are classified as auxotrophs, and a specific required compound is 
called an auxotrophic requirement. These terms are most frequently used in 
referring to auxotrophic mutants that differ from the prototrophic parental 
strain in having lost the ability to synthesize a specific growth factor due to a 
genetic change, or mutation. 

Carbon Source 

The compound or compounds from which the carbon of the cellular material 
is derived is the carbon source. Prototrophs can utilize a sole carbon source, 
either an inorganic, i.e., carbon dioxide (autotrophic prototrophs), or an 
organic compound (heterotrophic prototrophs). It should be emphasized again 
that the ability of any species to use any specific carbon source depends on its 
genetic information. Some prototrophs, such as some species of the genus 
Pseudomonas, are capable of utilizing any one of approximately 100 different 
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types of organic molecules as sole carbon source, whereas others are much 
more restricted in their carbon source utilization. For an organism such as 
Leuconostoc, the complex mixture of preformed growth factors that it needs 
may be considered collectively as the carbon source. For most micro¬ 
organisms, a single carbon source can supply almost all of the cell carbon if 
one or a few auxotrophic requirements are available. Even organisms that 
utilize carbon dioxide as carbon source may require one or two vitamins, 
which contribute a negligible fraction of the carbon of the cell. A carbon 
source that can be utilized by the cell for the synthesis of most of the cellular 
material, with the remainder being supplied by preformed required com¬ 
pounds, may be considered as a major carbon source. 

Since carbon is the essential element in all organic compounds and 
comprises 50 percent of the dry weight of the cell, the presence of a utilizable 
carbon source is a major determining factor in the ability of any microbial 
species to flourish in a given habitat. For microorganisms with specific 
auxotrophic requirements, the presence or absence of the required com¬ 
pounds in sufficient amounts to support growth is an even more restrictive 
environmental factor. Microorganisms with multiple growth requirements 
normally are found in abundance only where living or decaying animal or 
plant material is available to supply their needs. Those that obtain the 
required nutrients from living plant or animal cells are generally pathogenic, 
although some live in a symbiotic relationship with the host (rumen 
organisms, nitrogen-fixing bacteria in root nodules of legumes). 

Nitrogen Source 

Most of the organic molecules that make up the microbial cell contain 
nitrogen as well as carbon and, as in the case of carbon, the starting material 
from which the cellular nitrogen is derived is called the nitrogen source. Also, 
as with carbon, the nitrogen source may be organic or inorganic and may be a 
sole source or a major source of the nitrogen in the cell. 

Nitrogen occurs in a greater variety of inorganic forms than does carbon, 
the most common being ammonia, NH 3 , nitrate, NOJ, nitrite, NCK, and 
nitrogen gas or dinitrogen, N 2 . Ammonia is the most readily utilized of the 
inorganic forms of nitrogen. Its utilization requires no oxidation or reduction, 
since the nitrogen in cellular constituents such as amino acids, purines, and 
pyrimidines is at the same oxidation-reduction level as is ammonia; the 
valence of N is -3. The ability of an organism to utilize ammonia as a source 
of nitrogen, i.e., to assimilate ammonia, depends on its possession of one or 
more of the four enzymes that incorporate ammonia into organic compounds 
by reactions called aminations, the addition of an amino group to the 
molecule. The products of these four reactions, glutamic acid, glutamine, and 
asparagine, then transfer the amino group to other compounds in reactions 
called transaminations. An organism possessing the genetic information for 
synthesis of the enzymes involved in amination and transamination can utilize 
ammonia as a sole nitrogen source. 
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Assimilation of other inorganic forms of nitrogen requires additional 
enzymatic reactions. Nitrate, nitrite, or dinitrogen must be reduced to the 
level of ammonia and then utilized for amination. Only organisms possessing 
the necessary enzymes can utilize these compounds as sources of cellular 
nitrogen. Nitrate can be used as a nitrogen source by a variety of fungi and 
bacteria, but these are fewer in number than those that can utilize ammonia. 
Nitrate is commonly utilized by photosynthetic microorganisms. The assi¬ 
milation of nitrate involves as a first step its reduction to nitrite by the 
enzyme nitrate reductase. Nitrite is then further reduced to ammonia. Nitrite 
can also be used as a nitrogen source by some microorganisms. 

Use of atmospheric nitrogen Nitrogen gas, N;, which makes up approximately 
80 percent of the earth’s atmosphere, is the most abundant form of nitrogen in 
nature. Its use as a source of nitrogen is called nitrogen fixation. It is 
somewhat surprising (and unfortunate from the point of view of food produc¬ 
tion) that after millions of years of evolution so few organisms have 
developed the ability to use this abundant form of nitrogen. Only procaryotes 
can fix nitrogen, and among this group the ability is limited to photosynthetic 
organisms (bacteria and blue-green bacteria) and to a few other genera or 
species. Among the nonphotosynthetic bacteria, nitrogen fixation is limited 
almost completely to the members of three families, Azotobacteraceae, 
Rhizobiaceae, and Bacillaceae. For the first two families, nitrogen fixation is 
the primary characteristic that distinguishes them from other families of 
bacteria. The two families are differentiated on the basis of their modes of 
life. The Azotobacteraceae are aerobic free-living organisms found in soil and 
surface water, whereas the Rhizobiacaeae live symbiotically in root nodules 
on leguminous plants such as soybeans and alfalfa. The Bacillaceae are not 
grouped together on the basis of their ability to fix nitrogen but rather because 
all the members of the family form spores. Two genera, Bacillus and 
Clostridium, include most of the species of the family, and both genera 
include some species capable of fixing nitrogen. However, nitrogen fixation is 
rare among species of Bacillus, occurring in only two of the 48 species and in 
these only under anaerobic conditions. Clostridium and Bacillus are differen¬ 
tiated on the basis of their relation to oxygen; Bacillus includes species that 
are obligate aerobes or facultative anaerobes, whereas the genus Clostridium 
includes only obligately anaerobic species. Several species of Clostridium are 
capable of fixing nitrogen and of these, C. pasteurianum, which is very active 
in nitrogen fixation, has been used in extensive studies of the mechanism by 
which bacteria reduce nitrogen to the level of ammonia, the form in which it 
is utilized for biosynthetic reactions. 

There has been intense interest in the bacterial fixation of nitrogen. The 
industrial production of ammonia for fertilizer, using the Haber process for 
reduction of atmospheric nitrogen, accomplishes the same end result as does 
the biological process, but it requires high temperature and pressure and 
consumes large amounts of energy. It was hoped that an understanding of the 
biological process might suggest an alternate method of industrial production 
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that would be less expensive, but these studies, while contributing a great deal 
to our understanding of the biological process, have not yet resulted in the 
development of a new and cheaper process for the industrial production of 
ammonia. 

Since food production in most parts of the world, including our own 
country, is limited by the supply of fertilizer, particularly nitrogen, and since 
the most abundant source of nitrogen everywhere is atmospheric nitrogen, 
efforts to utilize this source biologically have become increasingly important 
as both the cost of energy and world population have increased. Biologists 
have concentrated their research efforts in attempts to develop a more 
widespread ability to use nitrogen biologically. Two possible avenues of 
approach are under study. The first involves attempts to increase the number 
of species that can fix atmospheric nitrogen by transferring the nif genes, i.e., 
the DNA that carries the information for synthesis of the enzymatic nitrogen¬ 
fixing system, from a nitrogen-fixing organism to others. It has been possible 
to achieve this in a few experiments, using as donor the nif genes of 
Klebsiella pneumoniae, a member of the family Enterobacteriaceae, to which 
E. coli also belongs. K. pneumoniae, like the nitrogen-fixing species of 
Bacillus, is a facultative anaerobe and can fix nitrogen only under anaerobic 
conditions. 

An even more immediately useful accomplishment would be the adap¬ 
tation of symbiotic nitrogen-fixing organisms to plants other than legumes. 
Several reports of additional symbiotic nitrogen-fixing relationships have 
recently appeared, but the data are not convincing. With continued research, 
however, human technology will probably achieve what natural evolution has 
not—a greater variety of biological nitrogen-fixing systems, whether sym¬ 
biotic or simply free-living soil bacteria, which may increase the combined 
nitrogen content of the soil. 

It is important to restate the warning given in Chap. 1 that humans, 
through rapid expansion of commercial fixation of nitrogen into ammonia and 
its addition to the soil, are already challenging the microorganisms as the 
biosphere’s most prolific nitrogen fixers. This activity, while helping to in¬ 
crease the food supply, may be leading to environmental problems in balanc¬ 
ing the nitrogen cycle. Regardless of the mode of accomplishment of nitrogen 
fixation, a sociotechnological decision must be made at some time in the 
not-too-distant future about the amount of nitrogen enrichment that can be 
permitted without causing an upset in the balance of the life-support system. 

In regard to the aerobic treatment of industrial wastewaters that are 
deficient in nitrogen, one can envision a very useful application for nitrogen- 
fixing organisms. Finn and Tannahill (1973) have studied this possibility using 
an impure culture of Azotobacter to treat nitrogen-free synthetic wastes 
containing such carbon sources as carbohydrates, acids, and aromatics. 

Requirements for organic nitrogen compounds Most organic growth factors 
required by microorganisms contain nitrogen as well as carbon and thus 
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contribute to the nitrogen content of the cell. In many such microorganisms, 
the major source of cellular nitrogen may be inorganic, most often ammonia. 
These organisms are not deficient in either amination or transamination 
reactions but in a specific reaction or series of reactions leading to synthesis 
of the specific growth factor required. Such growth requirements can some¬ 
times be satisfied by a precursor of the required compound if the reaction in 
which the organism is deficient leads to formation of that precursor, and if 
other enzymes that convert the precursor to the required product are made by 
the cell. If two or more such products have a common precursor, both 
requirements may be satisfied if that precursor is available and can be 
converted to both products. For example, homoserine is a precursor of three 
amino acids—threonine, methionine, and isoleucine. Inability to form 
homoserine could lead to requirements for both methionine and threonine but 
not for isoleucine, since threonine is a precursor of isoleucine. All three 
amino acids could be synthesized if the single precursor homoserine were 
available as an externally supplied organic growth factor. These possible 
substitutions for specific growth requirements are of greater theoretical than 
practical interest, since a microorganism in a natural environment is much 
more likely to encounter an exogeneous supply of amino acids than of their 
precursors as a result of the presence of protein from decaying animal or 
vegetable material. 

Some microorganisms are unable to use any form of inorganic nitrogen 
for biosynthetic purposes. Such organisms require an organic nitrogen com¬ 
pound as nitrogen source and may be able to use any of several such 
compounds as a sole source of cellular nitrogen. Such organisms may be 
assumed to be deficient in the ability to aminate organic compounds, using 
ammonia as the source of amino nitrogen. Thus, all organic nitrogen in 
cellular material must originate by transamination reactions from the single 
organic nitrogen source. 

Control of Synthetic Reactions 

The fact that a microorganism is capable of reproducing in a minimal 
medium—that is, one containing only inorganic salts and a single source of 
carbon—does not indicate that organic growth factors will not be utilized if an 
exogenous supply is available. While some microorganisms cannot utilize 
organic growth factors, the number of such organisms is much smaller than it 
was once thought to be, and further study may reveal that all microorganisms 
are capable of using at least some preformed growth factors. The ability to 
conserve energy and nutrients by ceasing to synthesize compounds that are 
available in the environment is an important metabolic control mechanism 
possessed by many microorganisms and will be discussed at some length in 
Chap. 12. Bacteria such as E. coli can grow in minimal medium containing a 
single organic compound and inorganic salts of the required elements, since they 
synthesize all the components of the cell. If placed in a complex medium 
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containing extracts of meat and yeast cells, which supplies all the small 
organic molecules normally synthesized by the organism, the biosynthetic 
enzymes for these molecules are not made, and preformed growth factors are 
utilized exclusively. Under these conditions growth is much more rapid, as 
might be expected, since it is necessary for the cell to only transport the 
molecules it requires and combine them into the various polymers that make 
up new cells. In studying the nutritional requirements of a specific micro¬ 
organism, it is essential to distinguish between compounds that can be utilized 
for various purposes and those that are absolutely required for growth. 


Energy Source 

In addition to the required elements in utilizable forms and a supply of any 
organic growth factors that the cell cannot synthesize, a utilizable source of 
energy is essential for the maintenance of viability and for reproduction. The 
major requirement for energy in most microbial species is for biosynthetic 
reactions, both those involved in the synthesis of small organic molecules and 
those that form polymers such as proteins and nucleic acids. Energy is 
required also for transport of nutrients into the cell and for movement if the 
organism is motile. For many microorganisms, the same organic compound 
that is the carbon source also is the energy source. Organisms that can obtain 
carbon and energy from compounds such as amino acids or organic bases 
such as purines can often utilize a single such compound as a sole source of 
carbon, nitrogen, and energy and, in some cases, if the compound also 
contains sulfur or phosphorus, as a sole source of these elements. Pseu¬ 
domonas aeruginosa , an aerobic prototroph, can utilize the amino acid his¬ 
tidine or the purine uric acid as a sole source of carbon, nitrogen, and energy 
in a medium containing inorganic salts that supply other elements. Organisms 
that are able to utilize single organic compounds to serve multiple nutritional 
needs probably have a selective advantage in many natural environments 
where the supply of organic compounds is limited. 


Selective Effect of Nutrients 

The selective effect of the chemical composition of a habitat is related to the 
variety of sources of carbon and nitrogen available and to the organic growth 
factors present. A habitat rich in organic matter, e.g., some soils, ponds 
polluted with human or animal wastes or with decaying vegetation, or a 
sewage treatment plant for domestic wastewaters, will support the growth of 
a variety of species of microorganisms. All of the nutrients required by most 
species should be available, and competition among species for nutritional 
requirements may have little influence on predominance. In a relatively 
nonpolluted surface water, the absence of a variety of organic growth factors 
may restrict the species that can proliferate to prototrophs or those with only 
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minor growth factor requirements. In such cases, the ability to utilize the 
available forms of carbon and nitrogen may determine which organisms can 
reproduce. 

One might expect that biological treatment facilities for industrial wastes 
would contain a very restricted population of microorganisms, since such 
wastes may contain no organic growth factors and the organic compounds 
available as carbon source may be utilizable by relatively few species of 
microorganisms. Often such wastes contain no nitrogen and must be sup¬ 
plemented with ammonium salts as nitrogen source for microbial growth. 
However, in such installations, microbial cells themselves may supply 
sufficient quantities of organic growth factors to support the growth of a 
variety of species. In the dense microbial population maintained in such 
treatment processes, cells may die and lyse or release cellular contents that 
can be utilized by other cells requiring specific growth factors. 

The recycling of settled biological solids in the activated sludge process, 
the formation of thick layers of microbial growth on surfaces of trickling filter 
media, rotating disks, and similar devices, and the prolonged detention time in 
oxidation ponds all lead to retention of old cells in the system and to low 
ratios of substrate to biological solids. Both greater cell age and competition 
for limited supplies of nutrients by dense populations may be expected to 
result in a greater frequency of cell death than would occur in an actively 
growing population of cells. However, even in the latter type of system, e.g., 
in a “once-through” chemostat (see Chap. 6), we have found that many of the 
species comprising the heterogeneous population are unable to grow in pure 
culture in the medium used. It is known that two microorganisms are often 
able to grow in association in media that support the growth of neither alone, 
and in several such cases each overproduces and excretes an organic growth 
factor required by the other. Thus, the ability of a microbial species to 
establish itself in a natural habitat may be dependent not only on the physical 
conditions and the nutrients available but also on the other microbial species 
present. Such interactions between species are not limited, of course, to 
beneficial effects, since one species of microorganism may form a product 
that inhibits the growth of another. 

For all microorganisms, the types of carbon source, nitrogen source, and 
energy source available in the environment are determining factors in select¬ 
ing the species capable of proliferating in that environment. In Chap. 8, 
carbon and energy sources will be discussed further and used as the basis for 
a broad classification scheme for metabolic groups of microorganisms. 


PROBLEMS 


A synthetic waste containing the ingredients listed below is inoculated with a very small amount 
of activated sludge from a plant that treats municipal waste. 
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Glucose 

(NH 4 ),S0 4 

MgS0 4 -7H,0 

KH 2 P0 4 

Na ; HP0 4 

FeCl 3 -6H;0 

CaCI 2 -2H : 0 

Tap water 

Distilled water 


2000 mg/L 
200 mg/L 
100 mg/L 
3000 mg/L 
6000 mg/L 
1 mg/L 
10 mg/L 
lOOml/L 
To volume 


Problems 5.1 through 5.5 refer to this synthetic waste. 

5.1 The vessel containing the waste is placed in a water bath maintained at 25°C, and air is 
bubbled through the waste at a sufficient rate to maintain a dissolved oxygen concentration of at 
least 4 mg/L. Discuss the selective factors that will determine which of the organisms present in 
the inoculum will grow in the synthetic waste. 

5.2 Assume that the biomass produced in this waste has the average composition given in Table 
3-1. 

(a) Which ingredient of the waste will limit the amount of biomass produced? 

(h) Calculate the amount of biomass that can be produced (milligrams per liter dry weight). 

(c) How much COD will be removed from the waste, assuming 50 percent of the glucose is 
used for synthesis and 50 percent for respiration? 

( d ) Calculate the amount of the limiting ingredient that would have to be added to allow 
removal of all the COD. 

5.3 What two purposes are served by the potassium and sodium phosphates in the medium? Why 
are such high concentrations used? 

5.4 If the temperature control of the water bath were adjusted to 40°C after the biomass had 
started to grow, what would be the effects on the organisms making up the biomass as the 
temperature rose? 

5.5 Two species of bacteria. A and B. are isolated from a municipal activated sludge treatment 
plant. Neither will grow in the synthetic waste described above. Various additions are made to 
the synthetic waste and both bacteria are tested for ability to grow, with the results shown below. 


Growth response 

Addition to waste 

Species A 

Species B 

Amino acid mixture 

+ 


Glutamic acid 

+ 

- 

Aspartic acid 

4 - 

- 

Histidine 

+ 

+ 

None 

- 

- 


Explain the nitrogen source requirement of each of these organisms. 

5.6 Define obligate aerobe, obligate anaerobe, facultative anaerobe, and microaerophile. Discuss 
the effect of oxygen on each. 

5.7 Discuss the functions of the enzymes that protect cells from the toxic effects of oxygen. 

5.8 If a small amount of soil is placed in a flask, covered to a depth of approximately 2 in with a 
medium containing glucose. K : HP0 4 , and MgS0 4 in tap water, and left sitting in the dark in 
contact with air, a fairly heavy growth of bacteria will develop in 1 to 2 weeks. The predominant 
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organisms are species of Azotobacter and Clostridium. What factors operate to sefect these 
organisms and allow both to grow? 

5.9 If a bacterium were isolated from an oxidation pond in December when the water tem¬ 
perature was 10°C, what criteria would be used to classify it as a psychrophile or a psychrotroph? 
Why would this be important in predicting its usefulness in the year-round purification process? 

5.10 Discuss the importance of mixing in a fluidized reactor, e.g., in an activated sludge process. 
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CHAPTER 

_ SIX 

QUANTITATIVE DESCRIPTION OF GROWTH 


In this chapter we shall be concerned primarily with the quantitative descrip¬ 
tion of microbial growth. Growth results from the assimilation of nutrient 
materials, and one may consider it as a gain in size, or mass, of individual 
cells, or as an increase in the number of cells, i.e., an increase in the 
population. An increase in numbers occurs along with an increase in size but 
is not necessarily an immediate consequence of that increase. With hetero¬ 
geneous microbial populations such as are found in water courses, soil, and 
biological treatment plants, it is quite difficult to enumerate the numbers of 
different species, or, for that matter, even total numbers of cells. In most 
industrial and environmental applications, growth is measured as a gain in 
mass even though the quality and activity of the biomass are dependent in 
large measure on the types and numbers of living cells present. The prime 
objective in this chapter is a pragmatic one—to formulate mathematical 
expressions that describe the rates of substrate utilization and biomass 
accumulation in a biological system. Such models may be useful to the 
fundamental understanding of the mechanisms resulting in growth. They form 
a basis for modern concepts of design and operation of biological wastewater 
treatment processes. 

The work of environmental technologists and industrial microbiologists 
requires that they predict the rate and amount of microbial growth and often 
the metabolic processes related to growth, such as production of specific 
enzymes or other organic products. Kinetic description is needed in order to 
design processes and control their operation. The kinetic formulations and 
models become predictive equations and are as vital to the design and 
operation of biological engineering systems as are material stress equations to 
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the design and analysis of engineering structures. However, it must be 
remembered that the environmental technologist is attempting to predict the 
behavior of living rather than inanimate engineering material. 

Ideally, kinetic models and the equations devised for their description are 
truly quantitative manifestations of the function of specific mechanisms 
assumed in the models. More often than not, however, the mechanisms that 
the kinetic equation describes are not known or have not been fully del¬ 
ineated. We may recall that such was the case with the Michaelis-Menten 
equation. The mechanism involving the making and breaking of an enzyme- 
substrate complex was hypothesized as one that could be expressed by a 
hyperbolic relationship between the rate v and the substrate concentration S. 
Many years later, the existence of the complex was demonstrated experi¬ 
mentally. Thus, this hypothesis was a theory that proved to be correct. 

All too often it is overlooked that what we choose to call “theoretical” is 
simply unproved hypothesis. This is a ready trap for applied scientists and 
engineers because they work under the pressure of urgent necessity to predict 
an outcome and its rate of attainment regardless of the state of their 
knowledge of the chemical, physical, or biological mechanism causing the 
outcome. To be sure, there is some soothing of professional conscience if one 
can say the equation fits a theory. On the other hand, we may ask: Why 
shouldn’t it, when the chances are that the theory was devised to fit the 
equation? Thus, the two are not really married until the theory (hypothesis) 
invented to fit the kinetic expression of the experimental observation is itself 
shown to be correct by new experiments quite independent of the original 
one. This is the scientific approach, and it is as practical as it is scientific. 

Similarity of kinetic expression does not give one license to conclude 
similarity of mechanistic action; recall that the rectangular hyperbola can be 
used to express enzyme kinetics and the kinetics of adsorption of gases on 
surfaces. While there are analogous aspects in the two processes, they are 
different mechanistic occurrences. It will be shown in this chapter that the 
relationship between the specific growth rate of microbial cells and the 
concentration of a required nutrient often can be expressed by an equation 
that plots a rectangular hyperbola, as can another relationship to be discussed 
later—that between the observed, or net, specific growth rate and the obser¬ 
ved cell yield. It must be kept in mind, then, that kinetic expressions are vital 
for practical engineering reasons and useful as quantitative predictive 
expressions of proven mechanistic theory, but in themselves they do not 
provide definitive proof of any theory of mechanism. 

Since the mechanisms that cause the observed kinetic behavior of a 
process may be unknown, can we have confidence in the kinetic expressions? 
We can, if their predictive value is proven useful repeatedly, but this 
confidence does not excuse a lack of continuing investigation into the 
mechanistic cause of the observed kinetic event. For example, over many 
years of recorded history, human beings were able to predict with extreme 
precision the observed, repetitive movements of the sun and the stars. Such 
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predictions have provided us with the very means of kinetic expression, i.e., 
the units of time. Throughout most of this period, these learned individuals 
employed a hypothesis (theory), the correcting of which nearly cost Galileo 
his life. Thus, it is possible to formulate predictive expressions of real utility 
without really understanding the phenomenon our equations describe, pro¬ 
vided we are skilled in experimentation or, as in the case of the ancients, good 
observers and able to describe quantitatively a well-run and much-repeated 
experiment. Since our state of knowledge of the basic mechanisms of micro¬ 
bial growth processes is incomplete, it is necessary to base the needed kinetic 
description on repeated experimentation, because the predictive equations are 
in large measure merely extrapolations of past events. If we hope to improve 
this situation, it is necessary to continue to seek mechanistic causation lest 
various biological hypotheses become erroneous dogma. 


GENERAL RELATIONSHIPS AND METHODS OF MEASUREMENT 

Taking an entirely practical approach, let us assume that an experiment is run 
in some sort of reaction vessel in the laboratory. Aerobic conditions are 
maintained by vigorous mixing and aeration. The reactor is seeded with a 
small inoculum of organisms from sewage or soil. The growth medium is 
natural wastewater containing some soluble organic compounds that the 
microorganisms can metabolize quite readily and some that are not metabol¬ 
izable. Samples are taken at the initiation of the experiment, and the amount 
of soluble organic matter is measured. This can be done by filtering out the 
cells and running tests such as COD or TOC on the filtrate; in this example, 
COD is used. The dry weight of the cells retained on the filter is also 
measured. Periodically, as the experiment proceeds, other samples are taken 
and the concentrations of substrate S measured as COD, and biomass, or 
cells, X, are plotted versus time. The accumulated oxygen uptake is also 
measured and plotted. 

A plot of the results of such an experiment is shown in Fig. 6-1. This type 
of result can be shown to happen again and again, with some variations to be 
discussed later. As the cells grow and respire, they utilize the organic food 
source. When the metabolically usable carbon source is exhausted, the cells 
stop growing; i.e., the biomass ceases to accumulate (see dashed line on the 
graph). Any further respiration may be called endogenous, because there is no 
longer a utilizable exogenous carbon source to respire, and the oxygen 
uptake proceeds at the expense of a loss in weight of the biomass. The 
portions of the curves to the left of the dashed line reflect events that occur 
in the purification, or substrate removal, phase, and events to the right occur 
in the endogenous, or autodigestive, phase. In a batch system such as the one 
shown in the graph, in which the initial biomass concentration X 0 is small in 
relation to the initial concentration of growth-limiting nutrient (the carbon 
source in this experiment), it is safe to assume that for practical purposes the 
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Figure 6-1 Batch reactor (left) and typical data plots of growth, respiration, and removal of 
soluble substrate during aerobic incubation. Note the distinction between .ACOD and L 0 . 


purification and endogenous phases occur in such a sequential fashion. 
Reasons for this will be discussed later. First, it is important to discuss ways 
to measure the amount of metabolically available carbon source So, the 
concentration of biomass X, and the oxygen uptake. 

Measurement of Usable Substrate (ACOD) 

Referring to Fig. 6-1, it is seen that a significant concentration of COD 
remains unused (CODJ; i.e., not all the organic matter or COD in the sample 
was used by the microbial population. Whether the COD remaining is organic 
matter originally in the feed or organic compounds produced by the cells 
during growth is an important environmental consideration, but it is not 
germane to the present discussion. The important fact is that the amount of 
carbon source used by the organisms during growth was equal to (COD 0 - 
COD e ); this amount of carbon source removed is designated as ACOD in the 
figure. The ACOD is thus a measure of the amount of carbon source in the 
sample that was available as food material to the microorganisms; it is a 
measure of the strength of the waste. 

The above definition of ACOD is not independent of the microbial 
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population in the initial seed. It is possible that a different source of initial cell 
inoculum would give a higher or lower value of COD f for the same COD 0 , i.e., 
a different ACOD value. Thus, if ACOD is to be a valid measure of the 
amount of microbially usable carbon source, attention must be paid to two 
additional considerations. First, it must be stipulated that the seed population 
has been acclimated to the organic matter. Acclimation can be accomplished 
by growing a population through three or four daily transfers in the medium, 
that is, by establishing a prior growth history during which it is seen that any 
initial time lag in growth disappears after a few growth periods and that the 
residual COD prior to each transfer does not change to any great extent. 
Thus, the purpose of acclimation is to ensure that the cells in the original 
heterogeneous population have undergone biochemical acclimation and 
selection of the species best able to grow on as much of the carbon source in 
the sample as is possible. Second, one should try the whole operation several 
times, using various sources of initial seed population. It must be remembered 
that the “natural” sampling universe is immensely diverse. Soil, sewage, and 
lake or river water samples taken on different days may contain widely 
different types and numbers of cells. Also, it can be expected that there will 
be some variability in the nature and amount of the various carbon sources in 
the sample of wastewater. Thus, considerable amounts of data are needed in 
order to establish a dependable quantitative estimate of the concentration of 
microbial carbon source. Also, one should run the tests under favorable 
growth conditions, e.g., a temperature range of 20 to 25°C, neutral pH, and 
abundant air supply. 

Instead of COD, TOC or TOD might have been used, or any good 
measure of total organic matter in the filtrate. Previously (see Chap. 3) we 
used these analyses as measures of organic matter, and now it is seen that 
they can be used as tools in a bioassay, a ACOD test (or ATOD or ATOC) to 
assess the amount of the organic matter that is available to an acclimated 
microbial population. Such a measure is central to the study of the behavior 
of microbial systems growing on mixtures of unknown compounds and to the 
successful design and operation of biological waste treatment processes. 
Other procedures available for measuring the amount of organic matter might 
include qualitative and quantitative analyses of the waste, which are indeed 
expensive and not particularly useful unless the microbial response to all of 
the compounds singly and in combination is known. Also, one may resort to 
measurement, not of the carbon source, but of the accumulated oxygen 
uptake during metabolism of the carbon source, i.e., to the biochemical 
oxygen demand. However, as shall be shown later, BOD is not a very 
dependable measurement of the organic loading So- The measurement of the 
loading to a bioreactor is as essential to its design as is the estimation of stress 
loadings to the design of a building or bridge. 

The determination of ACOD as described above is by no means without 
flaws, but it has the great advantage of measuring the amount of biologically 
usable organic material in a mixture of unknown compounds rather than 
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Figure 6-2 ACOD for a sample of dilute kraft pulp mill digester blow-down liquor. (Data of D. 
Scott, Jr. and A. F. Gaudy, unpublished.) 


assessing the amounts of specific carbon sources present in a sample of water. 
It allows one to deal with 5 as a heterogeneous mixture of compounds in the 
same way one must deal with X as a heterogeneous mixture of microorganisms. 
X represents the concentration of a biomass, a sludge, or an average species, 
which we shall try to characterize as similar in many ways to a single pure 
culture; ACOD represents the heterogeneous counterpart for carbon source or 
substrate. If properly determined, ACOD represents the maximum potential 
substrate value of the sample. The amount of organic matter remaining, 
COD e , may be rather high. For example, one might experience such a 
situation for a waste high in lignin compounds (see Fig. 6-2). This class of 
compound is not readily metabolized and would not be expected to contribute 
to the substrate, i.e., the loading to a biological treatment plant. Although 
lignin analyses were not run during the experiments shown in Fig. 6-2, one 
may assume with safety (based on past observations) that by far most of the 
COD e consisted of lignin that was in the original sample. 

Even when one runs an experiment using as carbon source a single 
compound that is known to be metabolized easily, there will be some residual 
COD, i.e., COD e . In the experiment shown in Fig. 6-3, the substrate was 
glucose; COD e was very low and only traces of glucose could be found. The 
COD f in this case consisted of compounds produced by the biomass during 
the metabolic purification process. The COD f may consist of small amounts 
of many different compounds. Some may be metabolic intermediates and/or 
end products; some may be bits of cellular structural components, nucleo¬ 
tides, peptides, and other contents from dead or dying cells. Thus, ACOD as a 
measure of S 0 makes no distinction as to whether the residual COD was due 
to nonmetabolizable organic matter in the original waste sample or to organic 
by-products of the purification mechanism. 
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Figure 6-3 ACOD and biomass curves for a sample containing glucose as carbon source. Note the 
low COD* compared with that in Fig. 6-2. (Data of T. T. Chang and A. F. Gaudy, unpublished.) 

It should be apparent that repeated ACOD tests are needed on wastes that 
contain a mixture of metabolizable and nonmetabolizable compounds. Since 
the metabolizable fraction is not known, repeated runs are needed to establish 
that the value of COD* is probably as low as it can be. From the results of 
one or two experiments, it is not possible to conclude whether something 
other than exhaustion of the usable carbon source caused the biomass to stop 
growing. If, in an experiment conducted with a compound such as glucose, 
as in Fig. 6-3, the residual COD leveled off at 300 mg/L rather than 30 mg/L, 
one would immediately question the resulting value of ACOD. It would be a 
valid result for that experiment, but that experiment, for one reason or 
another, would not be valid for measuring ACOD. If caution had been taken 
to provide reasonably good environmental conditions (DO supply, tem¬ 
perature, pH, nutrients, etc.), the reason for the high COD* would in all 
probability be due to the nature of that particular biomass, and this is reason 
for running additional ACOD tests using different sources of seed organisms. 
Such a result could also be taken as an indication that the biomass at the time 
of the experiment was not sufficiently acclimated. Although it may have 
removed all of the glucose, in the environmental technologists’ terms, it could 
not remove the carbonaceous organic compounds for which glucose was the 
source. Thus, the biomass was not totally acclimated, and the result was not 
consistent with previous experimental observations that indicated that results 
such as those shown in Fig. 6-3 could be expected for that source of carbon. 

In the case of biological treatment plants, the nature and origin of the 
residual COD are of great importance because this material enters the 
environment, i.e., the natural water courses. Determination of its subsequent 
fate and its effect on the aqueous environment is vital to policies regarding 
technological control of the aqueous environment. The fact that there is some 
residual, nonmetabolized organic matter does not mean that this organic 
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matter will not be metabolized in the natural reactors in the absence of the 
readily available carbon sources represented by the ACOD and in the 
presence of species of organisms that may not have been in the biomass that 
exerted the ACOD. The probability is that sooner or later the COD e will 
become a usable substrate, and under ordinary conditions the rate at which it 
is used will be rather slow—slow enough, in fact, that the receiving stream 
can accommodate this lighter organic loading within the aerobic decay leg of 
the carbon-oxygen cycle; that is, the material will be metabolized slowly 
enough so that natural reaeration can maintain aerobic conditions. The aim of 
the secondary biological treatment plant is to provide a situation wherein this 
posttreatment metabolism of residual organic matter occurs without undue 
stress on the environment. This does not imply that COD P , no matter what its 
source, cannot or should not be subjected to further reduction before it enters 
the aqueous environment. There are cases in which it is not desirable to let 
the natural reactors perform this task, and subsequent processing (physical- 
chemical or biological) may be used to reduce residual organic matter (see 
Chap. 2). Also, there may be special ways to operate biological treatment 
plants so as to maintain populations that can concurrently remove the more 
readily available and the difficultly metabolized organic matter, but these await 
development. Successful design and operation of the secondary plants dic¬ 
tated by law cannot await such developments, which indeed might not even 
be necessary if the secondary plants could remove close to 100 percent of the 
measured ACOD of the waste. 


Measurement of Oxygen Uptake 

Oxygen uptake (aerobic respiration) is an essential part of aerobic microbial 
growth, and it is recalled that this process is primarily responsible for the fact 
that the metabolism of 1 g of organic matter does not ordinarily lead to the 
synthesis of 1 g of new cells. Also, it is recalled that the need to maintain the 
natural aqueous environment in an aerobic condition is the major justification 
for requiring secondary treatment of wastewaters. 

Oxygen utilization is such an important concern that the amount of 
oxygen used in the aerobic metabolism of a waste sample has been used for 
many years as a measure of the strength of a waste; that is, it has been used 
as a measure of the amount of the organic substrate S 0 . It may be seen in Fig. 
6-1 that the accumulated oxygen uptake or biochemical oxygen demand 
(BOD) of the waste is not equal to the ACOD, which is a measure of organic 
substrate S 0 . Both BOD and ACOD are measured in terms of oxygen, but 
ACOD measures available carbon source and BOD measures the portion of 
the available carbon source that is respired. 

We might ask: Can it be expected that these two parameters may ever be 
the same? If not, are they related by a constant proportionality factor? There 
is one way the measured oxygen uptake or BOD can approach the value 
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measured for ACOD. In Fig. 6-1 it is seen that the net amount of biomass 
synthesized AX (AX = X, — X 0 ) decreases after the substrate removal phase; 
i.e., AX decreases in the endogenous or autodigestive phase. If the time t is 
long enough, it is not impossible for X, to return to the value of X 0 , in which 
case AX = 0, and all of the organic matter in the waste that was usable as a 
microbial substrate, ACOD, has been biochemically oxidized. In this case, the 
ultimate value of the accumulated oxygen uptake curve (i.e., ultimate BOD, 
designated as L 0 ) would approach the value of ACOD. In such cases it can be 
said that the available carbon source was totally oxidized. It is this possibility 
that forms a conceptual basis for use of the so-called extended aeration 
modification of the activated sludge process. 

Total oxidation in a closed system, such as the batch experiments shown 
in Figs. 6-1, 6-2, and 6-3, does not always occur, and when it does it is a slow 
process (t measured in many days). Thus, as a measure of the amount of 
organic substrate, BOD is not a very good parameter. If there were a constant 
relationship between BOD and ACOD (or ATOD or ATOC), BOD could be 
used as an assay for the amount of organic substrate. Unfortunately the ratio 
BOD/ACOD varies, largely because the degree of autodigestive decrease in 
biomass varies with the microbial population that is present. It is well to 
reemphasize here one of the differences between a pure culture seed and one 
that consists of a heterogeneous mixture of various types of microorganisms. 
If the biomass in the experiment shown in Fig. 6-1 consisted of a single 
microbial species, the decrease in X after removal of the substrate would be 
due only to oxidation of internal carbon in the living cells and oxidation by 
living cells of parts of cells that had died. The probability of X returning 
eventually to the level of X 0 would be very small indeed, because a single 
species cannot be expected to make all of the enzymes needed to break down 
all the various structural macromolecules it has synthesized. Surely, no 
individual cell can be expected to “endogenate” itself to nothingness. In 
heterogeneous populations, the autodigestive reactions that occur in the 
single-species population are operative but there is the additional presence of 
the food chain, which is active in the decay leg of the carbon-oxygen cycle 
(see Fig. 3-1). The chances of a large decrease in X and a resulting increase in 
BOD are greater, but there is no guarantee that in any randomly selected 
acclimated seed the predator-prey relationships will lead to the same amount 
of autodigestion each time the experiment is run. Thus, there is an unreliable 
relationship between ACOD and BOD. It was important to discuss the 
concept of BOD in relation to Fig. 6-1 because such discussion aids in 
understanding and interpreting results of the BOD test. The BOD test as well 
as the concept of BOD will be discussed more completely in Chap. 10, but 
certain aspects of BOD that are germane to the measurement of oxygen 
uptake require discussion in this chapter. 

We shall describe three methods of measuring oxygen uptake; the 
standard BOD method, the open-reactor method, and the manometric 
technique. 
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Measurement of decrease in dissolved oxygen in closed reactors For the 

present, the standard method of measuring exertion of biochemical oxygen 
demand, i.e., the standard BOD test, is important because it provides a means 
of measuring oxygen utilization in very dilute systems. In Fig. 6-1, if it is 
assumed that both X 0 and S 0 are very low—so low that only a few milligrams 
of oxygen would be used during the entire experiment—there would be no 
need to aerate the liquid. One could saturate the fluid with oxygen and 
measure the initial dissolved oxygen concentration (DO;), fill the reactor to 
the brim, and seal the entire body of reaction liquid from the atmosphere. The 
DO measured at some future time t, i.e., DO, substracted from DO,, would be 
the amount of oxygen used during the time period (AO: = DO, - DO,). Repli¬ 
cate sealed reactors could be analyzed for DO at various other times, and in 
this way one could obtain data for plotting the accumulated oxygen uptake 
curve. The solubility of oxygen in water is low, generally in the range of 7 to 
9 mg/L, depending on temperature, barometric pressure, and dissolved and 
suspended organic and inorganic solids concentrations. 

Obviously, the system must be very dilute to use this method of measur¬ 
ing oxygen uptake, and such is the case with the standard BOD measurement 
in the closed system of the BOD bottle (see Standard Methods, APHA, 1976). 
If, on the other hand, X 0 and S 0 were high, the procedures described above 
could not be used to generate an entire oxygen utilization curve, but one 
could gain some idea of the instantaneous rate of oxygen utilization. For 
example, the mixed liquor could be oxygenated and the DO,- measured. If the 
biomass concentration X 0 were high, the DO would drop very quickly. If DO, 
were measured within the short time before DO reached 0, the difference 
between DO, and DO„ i.e., AO: used during the short time interval At, could 
be calculated as a rate of oxygen uptake. In such an experiment, one usually 
finds that the DO concentration decreases linearly until just before zero DO is 
attained. The drop in DO during the small interval of time could be reported 
in any convenient time units—minutes, hours, days, etc. Naturally, caution 
must be exercised in extrapolating the short-term value to longer periods, i.e., 
assuming the rate that was measured would continue in a linear fashion for 
hours or days. Since the rate of oxygen uptake is dependent on the biomass 
concentration X, one could express it per unit of weight of biomass by 
dividing by the average concentration of X during the period At. When X is 
high, the change in X during the short time interval needed to utilize 4 to 
6 mg/L of oxygen is very small. If such a rate measurement is made during 
the substrate removal phase, X will increase during At; if made during the 
endogenous phase (see Fig. 6-1), X will decrease during At due to endogenous 
respiration and autodigestion. Such a measurement of the specific rate of 
oxygen utilization in the endogenous phase can be useful in adjudging the vitality 
of the biomass; one can make a case for concluding that the higher the 
endogenous uptake per unit weight of biomass, the greater is the fraction of cells 
that are capable of metabolism. 

More often than not, one deals with systems of substrate and biomass 
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that are more concentrated than those for which the respiration curve can be 
obtained using a standard BOD procedure. One way to deal with such 
systems is to dilute them by whatever amount is necessary to allow use of 
the standard BOD technique. This procedure is unsatisfactory, although 
widely practiced, because the rate of respiration is affected by dilution (see 
Chap. 10). The methods described in the two following sections are more 
reliable for measuring the oxygen uptake in more concentrated systems. 

Calculation of oxygen utilization from the DO profile in an open reactor In Fig. 
6-1, the aeration vessel is neither completely filled with reaction fluid nor 
closed to the atmosphere. It is aerated by diffusing air through the submerged 
aeration tube. Aeration also could be accomplished by stirring or agitating the 
reaction fluid to enhance the transfer of oxygen from the atmosphere to the 
liquid. For an open reactor, the oxygen uptake of the cells can be estimated if 
the rate and kinetic mode of aeration of the reaction system are known. The 
reaction “system” refers to the mixed liquor and the vessel, because the 
reaeration rate is determined by both the geometry of the vessel and the 
chemical characteristics of the liquor. 

The transfer of gaseous oxygen to the liquid phase is a physical process 
that follows a first-order, decreasing-rate kinetic pattern that can be stated 
adequately in mathematical terms. For example, if one filled a reactor with 
growth medium and did not add cells, or perhaps put cells in the reactor but 
added a disinfectant that killed them, thereby preventing any oxygen utiliza¬ 
tion due to metabolism, and if the liquid were stripped of all dissolved oxygen 
at the beginning of the aeration period, the DO concentration after turning on 
the air supply would increase along curves of the type shown in Fig. 6-4. The 



Figure 6-4 Comparison of reaeration curves for a tenfold difference in 
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DO concentration C, increases at an ever-decreasing rate and finally ap¬ 
proaches a value equal to the solubility of oxygen (C s , the saturation concen¬ 
tration) under the conditions of the experiment. After C s is attained, the DO 
does not increase further because the rate of its transfer into the liquid 
becomes equal to the rate at which it is transferred out again to the atmos¬ 
phere; that is, an equilibrium is attained. 

The DO saturation concentration C s is dependent on the chemical com¬ 
position of the medium. While the medium is largely water, the solubility of 
oxygen is not the same as in pure water. The DO deficit curve (D, = C s — C t ) 
is easily obtained from the DO data if one knows the value of C s . The rate of 
change of both curves, dissolved oxygen C and deficit D, is the same and can 
be shown to be proportional to the DO deficit at any time t. Both curves 
follow the rate law of a monomolecular reaction, and the net driving force for 
transfer of oxygen from the gas phase to the liquid phase is the deficit from 
saturation. As the deficit is reduced, the driving force becomes smaller and 
the rate of transfer decreases. The rate of increase in DO concentration, 
dCldt , is proportional to the deficit: 

j^ = K 2 (C s -C t ) (6-1) 


The proportionality constant K 2 is referred to as the reaeration constant. 
Considering the rate of change in DO, Eq. (6-1) can be rewritten in either of 
the following forms: 



— k 2 c s — K 2 C, 

(6-2) 

or 

= k 2 c, - k 2 c, 

(6-3) 


Equation (6-3) is readily applied to experimental data for determining K 2 
and C s . Its use is illustrated by the example shown in Fig. 6-5. The upper 
graph is a plot of measured DO versus time during an experiment such as the 
one shown in Fig. 6-4. The lower graph shows the use of a plot of Eq. (6-3) to 
calculate K 2 . It is required to calculate values of dCldt at various values of C,, 
and numerical approximations of dCldt, i.e., AC/At, are obtained from the 
experimental data as illustrated. In the example shown (see upper graph), the 
value of AC/At at t = 5.5 h using a 1-h interval for calculation is 0.58 mg/L/hr 
at a C, value of 4.3 mg/L. This point is shown in the lower plot (see darkened 
circle). After obtaining and plotting several values, the slope of the line is 
determined; from Eq. (6-3), this slope is equal to K 2 . When C, is equal to C s , 
AC/Af = 0; i.e., the intercept on the C, axis is the value of C s . 

Using the C s and K 2 values thus obtained, the concentration of DO at any 
time C, can be found in accordance with the integrated form of Eq. (6-1). If 
C, = 0 at t = 0, then 


C, = C s (l-e’ Kj ') 


(6-4) 
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Figure 6-5 ( Top) Plot of reaeration data; DO versus time to determine corresponding values of 
AC/At and C,. ( Bottom) Plot of AC/Af versus C, to determine the values of K 2 and C,; see Eq. 
(6-3). K : = 0.145 h C s = 8.3 mg/L. (Data of M. P. Reddy and A. F. Gaudy, unpublished.) 


If there is an initial DO concentration C 0 , then 

C, = C S -(C S -C 0 )e- K -' (6-5) 

Using these equations and the determined values of C, and Ki, the calculated 
values of C, at various times t can be computed and plotted to determine 
whether the calculated curve provides an adequate description of the 
experimental data. 

Having thus estimated K 2 and C s , which control the rate of input of 
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dissolved oxygen to the system, it is possible to measure the microbial oxygen 
uptake, i.e., utilization of dissolved oxygen, if the amount of DO present at 
any time t during the experiment can be determined. This can be assessed by 
frequent measurement of the dissolved oxygen concentration. The method of 
estimating the oxygen uptake curve is illustrated with the aid of Fig. 6-6 and 
Table 6-1. The upper portion of the figure shows a plot of the dissolved 
oxygen concentration values during an experiment run like the one shown in 
Fig. 6-1, for which a “DO profile” was not shown. In this experiment the S Q 
consisted of 60 mg/L of a 1:1 glucose-glutamic acid mixture, and X 0 was an 




Figure 6-6 (Top) Dissolved oxygen profile developed in an open stirred reactor with K 2 = 
0.099 h"'. The carbon source was a 1:1 mixture of glucose and glutamic acid; total concentration 
is 60 mg/L. The initial microbial population was obtained by seeding the reactor with 0.5 percent 
(ti/u) settled fresh sewage. Temperature was 23°C. ( Bottom ) Oxygen uptake curve calculated 
from the DO profile shown above. (K. M. Peil and A. F. Gaudy , unpublished.) 
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Table 6-1 Calculation of oxygen uptake from open-jar reactors 


(1) 

Hour 

(2) 

D, 

mg/L 

(3) 

K 2 D, 

mg/(L 

(4) 

At, 

xh) h 

(5) 

K 2 D At. 
mg/L 

(6) 

DO, 

mg/L 

(7) 

ADO, 

mg/L 

(8) 

(5)-(7), 
mg/L 

(9) 

O 2 uptake, 
mg/L 

0.00 

1.50 

0.15 

6.25 

0.74 

7.20 

0.62 

0.12 

0 

6.25 

0.88 

0.09 

2.75 

0.24 

7.82 

0.00 

0.24 

0.12 

9.00 

0.88 

0.09 

2.50 

0.23 

7.82 

-0.09 

0.32 

0.36 

11.50 

0.97 

0.10 

10.50 

2.04 

7.73 

-1.98 

4.02 

0.68 

22.00 

2.95 

0.29 

2.50 

0.85 

5.75 

-0.95 

1.80 

4.70 

24.50 

3.90 

0.39 

2.00 

0.80 

4.80 

-0.32 

1.12 

6.50 

26.50 

4.22 

0.42 

2.00 

0.87 

4.48 

-0.31 

1.18 

7.62 

28.50 

4.53 

0.45 

1.25 

0.57 

4.17 

-0.21 

0.78 

8.80 

29.75 

4.74 

0.47 

1.75 

0.86 

3.96 

-0.42 

1.28 

9.58 

31.50 

5.16 

0.51 

2.00 

1.11 

3.54 

-0.83 

1.94 

10.86 

33.50 

5.99 

0.59 

2.00 

1.25 

2.71 

-0.63 

1.88 

12.80 

35.50 

6.62 

0.66 

4.75 

3.41 

2.08 

-1.25 

4.66 

14.68 

40.25 

7.87 

0.78 

5.75 

4.40 

0.83 

0.32 

4.08 

19.34 

46.00 

7.55 

0.75 

3.00 

2.11 

1.15 

0.93 

1.18 

23.42 

49.00 

6.62 

0.66 

4.00 

2.44 

2.08 

0.94 

1.50 

24.60 

53.00 

5.68 

0.56 

4.50 

2.37 

3.02 

0.73 

1.64 

26.10 

57.50 

4.95 

0.49 

12.75 

6.17 

3.75 

0.13 

6.04 

27.74 

70.25 

4.82 

0.48 

5.25 

2.29 

3.88 

0.82 

1.47 

33.78 

75.50 

4.00 

0.40 

8.00 

2.72 

4.70 

1.12 

1.60 

35.25 

83.50 

2.88 

0.29 

12.50 

3.13 

5.82 

0.72 

2.41 

36.85 

96.00 

2.16 

0.21 

11.50 

2.30 

6.54 

0.28 

2.02 

39.26 

107.50 

1.88 

0.19 

13.00 

2.05 

6.82 

0.58 

1.47 

41.28 

120.50 

1.30 

0.13 

3.75 

0.48 

7.40 

0.00 

0.48 

42.75 

124.25 

1.30 

0.13 



7.40 



43.23 



C, 

= 8.70 mg/L 



X; = 0.0991 

f 1 



The observed dissolved oxygen concentrations at various times throughout the 
open-jar experiment are shown in col. (6). The deficit was computed by subtracting the 
dissolved oxygen concentration from the value of C„ i.e., 8.7, and these values are 
recorded in col. (2). Each deficit is multiplied by the X; value, 0.099 h~', and the product is 
entered in col. (3). The time interval is recorded in col. (4). and in col. (5) the average 
values during the time interval taken from col. (3). e.g., (0.15 + 0.09)/2, are multiplied by At 
to estimate the amount of oxygen that has been put into the system during the time interval 
[see col. (5)]. In col. (7) the change in the dissolved oxygen concentration is recorded. 
During the first time interval in the example shown, the DO rose 0.62 mg/L. However, 
during the interval, 0.74 mg/L of oxygen entered the system. The difference 0.12 is 
recorded in col. (8) as the oxygen uptake or BOD exerted during this time interval. Similar 
calculations can now be made for the next time interval, i.e., 6.25 to 9h, and the oxygen 
uptake during this interval, i.e., 0.24 mg/L, is then added to that in the previous interval, 
and the accumulated oxygen uptake curve (BOD curve) is given in col. (9). 

Source: Gaudy, 1975. 


0.5 percent (v/v) inoculum of settled municipal sewage. The reaeration 
characteristics of the system were determined to be X 2 = 0.099 h" 1 and C s = 
8.7 mg/L. 

To make use of the above information in estimating the oxygen uptake 
curve, consider that the observed DO profile is the result of two opposing 
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oxygen transfers. The first is the rate of transfer into the liquid, dC/dt = K 2 D: 


^ = K:(C S -C,) 


( 6 - 1 ) 


or 


AC 
A t 


= K 2 D, 


( 6 - 6 ) 


Therefore, the amount transferred into the medium AC in a small increment 
of time At is, from Eq. (6-6): 

AC = K 2 D, At (6-7) 

The opposing transfer, i.e., the transfer out of the liquid due to microbial 
oxygen utilization, in the same time interval is the oxygen uptake, AO: uptake. 
Thus, the change in DO along the profile: 

ADO — ADO r eaeration “ ADOutilization 

ADO = K : D, At - AO: uptake (6-8) 

Solving for AO: uptake and summing increments, the accumulated oxygen 
uptake curve is represented as follows: 


Accumulated O: uptake = 2 AO: uptake = ^(K 2 D, At - ADO) (6-9) 


In the experiment shown in Fig. 6-6, the DO profile first rose, indicating 
that reaeration was greater than oxygen utilization. The rate of oxygen 
utilization rapidly exceeded the rate of reaeration and the DO decreased. 
After attaining a short-lived minimum, recovery of the DO proceeded rapidly, 
but after about 2.5 days, recovery was slowed by increased oxygen utilization. 
Finally, after the third day, the system reached the initial level of dissolved 
oxygen. 

In Table 6-1, the measured DO profile recorded in col. (6) is used to 
calculate the oxygen uptake curve in accordance with Eq. (6-9). In col. (5) the 
average amount of oxygen added to the liquid during the time interval is 
computed, and in col. (8) it is added algebraically to the change in DO during 
the time interval [col. (7)]. In col. (9) the AO: uptake for each time interval is 
accumulated to obtain the plotting points for the oxygen uptake curve shown 
in the lower portion of Fig. 6-6. There is a slight break or discontinuity in the 
oxygen uptake curve (a very slight plateau) corresponding to the period of 
rapid recovery after the low point in the DO profile. The significance of this 
phenomenon and reasons for it will be discussed more fully later. 

It should be apparent that if one knows or can determine K 2 and C s and 
has a graph such as this representing the best estimate of the oxygen uptake 
curve, it should be possible to calculate the DO profile in a reactor by solving 
Eq. (6-8) or (6-9) for AO: uptake (see Peil and Gaudy, 1975; Gaudy, 1975). 
Such an estimate is sometimes made for natural reactors such as rivers, for 
which t is converted to distance along the river from the point at which a 
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waste is added. Determination of K 2 in rivers is not made as directly as in the 
method described above for large or small growth reactors. The rate of 
reaeration in rivers is determined largely by the degree of agitation of the 
water as the flow proceeds downstream. Several factors influence K 2 . Among 
these are two of primary importance—the value of K 2 is increased by an 
increase in the velocity of flow and decreased by an increase in the depth of 
flow. Values of K 2 can change for various downstream locations along the 
path of flow, necessitating changing values of K 2 . Various formulations for 
predicting K 2 are available in the literature (see O’Connor and Dobbins, 1958; 
Krenkel and Orlob, 1962; Thackston and Krenkel, 1966; Churchill et al., 1962; 
Isaacs and Gaudy, 1968; Tsiviglou et al., 1965; Nemerow, 1974; Streeter, 1926; 
Streeter and Phelps, 1925). 

Whether this approach is used to estimate the DO in a natural reactor or 
to obtain the oxygen uptake curve in a laboratory reactor or a large-scale 
batch process, it is emphasized that the approach is sound but approximate. 
Values of K 2 and C s can change even during the experiment in a small-scale 
reactor, because they are in some measure dependent on the chemical 
composition of the aerating liquor, and this may change during the experi¬ 
ment. 

Manometric measurement of oxygen uptake The most widely used manometric 
apparatus for measuring the oxygen uptake of cells is the respirometer 
developed by Warburg in the mid-1920s. This instrument represents a 
modification of earlier devices introduced at the turn of the century. The 
Warburg apparatus was used in investigative work in the water pollution 
control field in the late 1940s and early 1950s for measuring the biochemical 
oxygen demand of wastewater samples. Today various applications of the 
principle are used in the laboratory and in on-line devices for monitoring the 
oxygen uptake at wastewater treatment plants. 

The method is based on the fact that in a closed system,consisting of 
gaseous and liquid phases and operating at constant temperature and volume, 
any change in the amount of gas can be gauged by the accompanying change 
in pressure. In this technique, a known volume of reaction liquid containing 
cells and substrate is placed in a reactor of known volume, and the system is 
then closed to the atmosphere. The gas phase is bounded at one end by the 
gas-liquid interface in the flask and at the other by a suitable manometer fluid 
(see Fig. 6-7). Any deflection in the manometer is due to either a change in 
barometric pressure or a change in the amount of a constituent of the gas, 
e.g., oxygen in the air. Corrections for changes in barometric pressure are 
easily made by using another flask and manometer (without cells) as a 
barometer and correcting for the manometer deflection. The flasks are held at 
constant temperature by immersion in a water bath; they are shaken at a 
known speed and amplitude to agitate the liquid surface in the flask. 

The cells grow, using the oxygen dissolved in the liquid, which causes 
oxygen from the gas phase to diffuse into the liquid. Aerobic metabolism 
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produces large amounts of carbon dioxide, which escape to the gas phase but 
are taken up in an alkaline solution placed in the center well of the flask. 
Therefore, the change in pressure is due only to the amount of oxygen that 
has been transferred from the gas phase to the liquid phase. 

It can be shown (Umbreit et al., 1964) that the value of oxygen uptake in 
microliters per millimeter change in manometer height h is: 

MlO, uptakes ( Vra/THV g n ) (6 . 10) 

In Eq. (6-10), V g is the volume of the gas phase, V f is the volume of 
liquid, m is the solubility of oxygen in the reaction liquid, T is temperature in 
absolute degrees (273 + C°), and F 0 is standard pressure expressed in mil¬ 
limeters of manometer fluid. The value enclosed in parentheses is equal to the 
flask constant k, and several procedures for its determination are available 
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(Umbreit et al., 1964). The value of the oxygen uptake in microliters can be 
converted to milligrams per liter, as shown below: 

/al 02 ( 2 ^ 4 -^;) = tng/LO: (6-11) 

The size of the Warburg vessels varies from 15 ml to as large as 150 ml. 
The larger sizes are generally used in water pollution control investigations. 
Reaction fluid volumes of 20 to 40 ml are not uncommon. 

In addition to its use as a means of measuring oxygen uptake, the 
Warburg apparatus makes an excellent experimental reactor. It accom¬ 
modates a number of flask and manometer setups such as shown in Fig. 6-7. 
Commonly, 18 flasks can be used at one time, although smaller and larger 
sizes are available. One may then use the apparatus for studies of bacterial 
kinetics, determining S, X, and oxygen uptake as well as other parameters by 
withdrawing flasks at various sampling times. Since one can make manometer 
readings to determine oxygen uptake very rapidly and easily, there is a 
continual check on the reproducibility of each “compartmentalized” sample. 
It is emphasized that since the oxygen measurement depends on interface 
transfer of oxygen, care should be taken that the upper limit of oxygen uptake 
recorded was in fact determined by the maximum capability of the biomass 
and was not due to a limiting rate of gas transfer from the gaseous phase to 
the liquid phase. One may determine the limiting transfer shaker rate by 
adjusting the shaker rate and the size of the oxygen-utilizing system. Simple 
procedures for testing this aspect as well as a detailed discussion of principles 
and special techniques are available in the literature (see Umbreit et al., 1964). 

Measurement of Biomass 

Whether one’s interest lies in measuring the change in weight X of the 
biomass (preferred for most purposes) or the number of individuals N in the 
population constituting the biomass, there are various options in methods. 
Both direct and indirect means are available for either type of measurement. 
The choice of method is in most cases determined by the use to which the 
data are to be put and by the type of system being investigated. The various 
methods will be discussed with particular emphasis on the use of such 
measurements in environmental science and engineering applications. 

Direct measurement of dry weight The dry weight of biomass per unit 
volume of reaction fluid is readily obtained by separating the cells from the 
fluid and then drying and weighing the cells in a tared container. The 
separation of the cells from the liquor may be accomplished by centrifugation 
or filtration. If the former is used, the pellet can be carefully washed from the 
centrifuge tube into a tared container with a few milliliters of distilled water. 
If filtered, the cells can be entrapped on a tared membrane filter. The increase 
in weight of the container after drying measures the dry weight of the 
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biomass. In either case, one of the keys to accuracy is the relative weight of 
the container and the biomass in the sample. The ratio of weight of container 
to weight of sample should be as small as possible. Low-weight tare con¬ 
tainers can be made from thin aluminum foil of the type commonly used in 
households. The filtration procedure is preferred because it offers less chance 
for handling error and loss of sample. 

Dry weight measurements can be used to estimate numbers of cells. One 
can make a correlation curve between the weight of the biomass and the 
number of cells in the population by making a direct count of the number of 
cells in a known volume. This will be discussed later. Alternatively, cell 
numbers may be estimated by assuming an average value of dry weight for 
individual cells. For example, an average dry weight value for the bacterium 
Escherichia coli is 2 x 10“ l3 g. In heterogeneous microbial populations, there 
are many species and sizes and types (and weights) of cells. Also, the 
correlation will change from time to time as changes in species predominance 
occur, so any correlation of numbers in a population with weight of the 
biomass cannot be highly recommended. 

Volumetric measurement The dry weight can be estimated from the packed 
volume in a graduated, small-bore centrifuge tube (e.g., a hematocrit tube). 
One can construct a standard curve relating milliliters of biomass to mil¬ 
ligrams of biomass and then estimate other values of the latter from the 
volumetric reading at a specified gravitational force and length of centrifug¬ 
ing. At best, this method gives rough approximations of the weight, and the 
correlation itself may be affected by the concentrations of cells in the biomass 
and by the type of species present. One can also attempt to correlate the 
volume of the centrifuge pellet with numbers of cells, but this, too, is a rough 
approximation. 

Measurement of various chemical components In certain cases, changes in 
weight of biomass can be estimated by direct measurement of changes in a 
constituent of the biomass, such as nitrogen, protein, or DNA. However, 
since the chemical composition of cells varies according to the species, 
environmental conditions, and rate of growth, such measurements, while 
often providing valuable information about the system, are not widely used as 
a sole quantitative measure of the weight of biomass produced during growth. 

Measurement of turbidity A dispersed suspension of microorganisms, like 
any colloidal system, exhibits a Tyndall effect, and the light absorbed or 
scattered as a monochromatic beam passes through the suspension can be 
used as a relative measure of increase in the biomass. A spectrophotometer is 
used to measure the light transmitted through a bacterial suspension with a 
light path of approximately 16 to 20 mm. The transmittance T is related to the 
absorbance of light or optical density OD by the equation OD = log(l/T). In 
making such measurements, it is assumed that the increase in optical density 
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is directly related to an increase in the number of cells and that the weight is 
proportional to the cell number. These assumptions are not entirely correct, 
because the shape of the cell can affect the passage of light, and mass can 
change without a change in the number of cells. Also, the absorbance is 
proportional to the number of cells only in rather dilute systems. However, 
the method is sufficiently accurate for most purposes when X is no greater 
than 300 mg/L and when cells are not flocculated. Cells can be dispersed by 
brief treatment in a blender and diluted to an appropriate concentration. 

In addition to constructing a correlation curve between optical density 
and weight of the biomass, one can correlate optical density and the total 
number of cells or particles in the suspension. The color of the suspending 
fluid plays a significant role in selecting the optimum wavelength of mono¬ 
chromatic light to be used. One may use any of several commercial colorimeters 
or spectrophotometric devices. It should also be noted that turbidity that is 
not due to cell growth can detract from the validity of the correlation. Often 
such turbidity can be subtracted in the reagent blank correction. However, if 
such turbidity is subject to change, it is not easily corrected. 

Even though there are a number of drawbacks to this method, which 
signal caution in applying it, the procedure offers a convenient way of 
supplementing biomass weight data. Figure 6-8 shows a correlation curve of 
absorbance and weight for a heterogeneous microbial population of sewage 
origin. Often, one is more interested in measuring the rate of increase in biomass 
concentration than the absolute amount. This permits the use of relative rather 



Biomass concentration. mg/L 


Figure 6-8 Correlation between 
absorbance and biomass concen¬ 
tration for a heterogeneous 
microbial population growing on a 
colorless medium. 
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than absolute values of biomass. The determination of the rate of growth 
requires many plotting points, and the use of optical density facilitates obtaining 
these data. A few weight determinations during the experiment can provide one 
with information with which to relate OD and weight fas shown in the figure). 

Measurement of the number of particles Measurement of the number of 
particles in a given volume of sample can be correlated to the weight of the 
biomass in suspension. The particles may be counted electronically or by 
microscopic observation. Electronic devices can provide information on both 
the number and size distribution of the particles, but they are subject to 
various operational and interpretative difficulties when applied to hetero¬ 
geneous populations in which there are many forms of cells. Direct micro¬ 
scopic observation of a small (representative) volume of sample in specially 
calibrated and ruled glass slides provides a means of estimating the number of 
particles (cells) in a unit volume of sample. These methods have some useful 
application in various types of investigations but are not uniquely suited to 
the estimation of the biomass size for the quantitative description of growth. 

Measurement of the viable population In some types of experiment, 
measurement of the number of cells capable of replication can be correlated 
to changes in the weight of the biomass. The correlation is best when the cells 
are growing steadily from a small to a larger population. Also, in many 
instances the prime interest is assessing the viable population or the relation 
between viable numbers of cells and the weight of the biomass. Such a ratio is 
sometimes provided as a basis for estimating the active fraction of a hetero¬ 
geneous biomass in river slimes and in biological treatment process reactors. 
Viability, defined within the boundary of the test to be described below, 
means the ability of cells to reproduce. However, viability is not necessarily 
related to the ability to use substrate. A biomass can assimilate considerable 
amounts of carbon source and use it for synthesis and respiration without 
replication. Thus, many cells incapable of replication may be “active” in the 
biomass. 

Methods for determining numbers of viable cells depend on the ability of 
the organisms in a sample to replicate when transferred to a fresh source of 
nutrient. The source of nutrient may be the same as the one from which the 
sample was taken or it may be different. In the latter case, it is usually one 
containing as many known growth factors as possible; i.e., it consists of what 
may be called a well-supplemented diet. The aim here is to obtain an estimate 
of the maximum number of cells capable of replication in the sample. 
However, the ability of cells to replicate in a complete medium does not 
indicate whether the cells were replicating in the medium from which the 
sample was taken. 

It should also be realized that there is no one type of growth medium, nor 
is there one set of conditions for incubation, that will permit growth of all 
possible types of microorganisms in an activated sludge. For example, 
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different media and conditions are required by heterotrophic and autotrophic 
(e.g., nitrifying) bacteria. Algae, protozoa, and many fungi require special and 
differing methods of cultivation. The methods described here are useful 
primarily for the enumeration of aerobic or facultatively anaerobic chemo- 
heterotrophic bacteria. 

In general, there are two methods for enumeration. In the first, the 
organisms are deposited on or in a growth medium solidified by the presence 
of agar, and in the second, a dilution technique is used. 

Colony counts using solid media Estimating the viable count by the pour plate 
method is perhaps most universal. A small volume of an appropriately diluted 
sample is placed in a petri dish. Usually, 1 ml of dilute sample is used. 
Approximately 15 ml of warm liquid medium containing agar is added, and 
the contents are carefully mixed. The cells are fixed in place as the agar 
solidifies and, after an appropriate incubation time (24 to 72 h), the individual 
cells have replicated to such an extent that visible colonies of cells are 
formed. The number of such colonies multiplied by the known dilution factor 
is the estimated viable count per unit volume of the original sample. The 
assumption is that each visible colony grew from a single cell; thus, if the 
cells are flocculated, they must be thoroughly dispersed before making the 
test. Microscopic observation should be used to determine whether the cells 
are dispersed. In a 3.5-in petri dish, there should be between 30 and 300 
colonies. 

The sample may be plated on the surface of the medium after the agar has 
solidified and been stored for approximately 48 h after pouring. A known 
volume may be spread (spread plating ) over the entire surface area of the 
agar, or a micropipet may be used to plate a very small volume of dilute cell 
suspension (spot plating ). These methods may have some advantage over 
pour plates because agar plates contaminated during the pouring of the agar 
can be discarded, and there should be less counting error because all colonies 
are in the same plane (the surface of the agar). Also, in the case of counting 
aerobic organisms, surface growth provides more aerobic conditions. We 
have found both spot and spread plating to be serviceable methods in 
environmental microbiological investigations (Gaudy et al., 1963). Another 
method that offers the same advantages at some increase in costs is the use of 
membrane filters. A sample is poured over a membrane filter, preferably one 
marked with grids to facilitate counting of the colonies which develop. The 
filter is then placed on an absorbent pad of such thickness that it will take up 
approximately 2 ml of nutrient solution. The nutrient held in the pad diffuses 
to the cells on the filter. The filter may also be placed on an agar plate. Since 
rather large volumes can be passed through the filter, the method can be used 
for dilute suspensions. 

Sull-point dilution in liquid medium The basis of this method is determination 
of the dilution factor for a sample that no longer provides a sufficient seed of 
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microorganisms to permit growth in fresh liquid media. Any convenient 
quantitative measurement of growth may be used. For example, gas formation 
has been used in a standard test for coliform organisms (the MPN, or most 
probable number, determination, see Chap. 14). Development of turbidity may 
be used if one is interested in general growth characteristics. The viable count 
in the original sample is estimated using applicable probability theory (see 
Chap. 14). This method is not as accurate as the plating techniques unless a 
large number of replicate samples is used, but it is applicable to samples that 
contain very few microorganisms. 

The membrane filter technique previously described is also applicable to 
small populations, since filtration effectively concentrates the cells in the 
sample. 

Recommended methods It is seen from the above that many methods are 
available for measuring X. For most microbiological work, the most useful 
methods are dry weight determination using membrane filtration to separate 
cells from liquid, the turbidity measurement for correlation with weight or 
viable count, and the pour plate and surface plating methods for determining 
viable counts. 


GROWTH IN BATCH SYSTEMS—THE GROWTH CURVE 

In this section, the growth curve shown in Fig. 6-1 will be discussed in greater 
detail, with particular emphasis on its progress to the upper value of X. Such 
a growth curve is shown in Fig. 6-9. Graphs such as this appear in many 
microbiology texts and are used to describe the “rise and fall” of microbial 
populations. The curve is simply a generalized description of experimental 
observations. There may be other ways to compartmentalize the events, but 
this is a good starting point and one that facilitates quantitative description. 

The kinetics as well as the cause for this course of events are related to 
properties of the microbial population and the environmental conditions in the 
system. Among the important environmental conditions are pH; temperature; 
dissolved oxygen concentration; amount and type of carbon source, nitrogen, 
phosphorus, and other nutrients; presence of inhibitory substances; and 
changes in all of these that may occur during growth of the population. Thus, 
the problems of devising ways to describe either the overall process or the 
recognizable portions of it are tremendous, and it is of great importance to 
determine, and if possible control, the environmental conditions in order to 
increase the useful application and interpretation of any mathematical des¬ 
cription. 

In the following discussion of the mathematics used to describe microbial 
growth, we shall use the symbol X to represent the size of the microbial 
population in units of dry weight (milligrams per liter) since this is the only 
practical measurement in work with heterogeneous populations. 
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Figure 6-9 Distinguishable portions of biomass growth and decay curve. 


The Lag Phase of Growth 

A lag period may be considered a time of adjustment to a new environment. 
Cells obtained from sewage, soil, or a stock culture medium, wherein the 
environment was different from that into which they are now placed, can be 
expected to undergo a period of adjustment prior to assuming their maximum 
rate of growth in the new environment. Such a lag is not necessarily a 
dormant period. The cells may be taking in significant amounts of substrate, 
they may be synthesizing new enzymes, and they may be undergoing enlar¬ 
gement prior to division, but, in any event, they have not yet begun the 
orderly and steady replication characteristic of the succeeding phase. 

The lag period may be divided into two parts. The first is one in which 
very little change in cell mass and no change in cell numbers take place; in the 
second the growth rate is increasing toward attainment of the rate charac¬ 
teristic of the exponential phase. The nature of the lag phase has been the 
object of study for many years, and more work is needed to describe its 
physiology. There is some work suggesting that during the latter stages of this 
phase, as the system approaches exponential growth, these “young” cells are 
more sensitive to changes in the growth environment. 

Lag periods have obvious and significant ramifications to bioassay pro¬ 
cedures. Consider the effect of a lag on a bioassay in which only one initial 
and one final measurement are taken, e.g., the oxygen uptake during the 
standard 5-day ROD test. Avoidance of the effects of a lag period is one of 
the reasons why acclimated seed is stipulated. One may also consider the 
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change in environment when, for example, cells from an activated sludge 
process, which have been held in the absence of exogenous substrates and 
without aeration in the bottom of a settling tank, are returned to the aerobic 
environment of the aeration tank. Some portion of the residence time in the 
activated sludge tank may be given over to a lag prior to assuming the 
characteristic growth rate for the system. Fortunately, lag periods may be 
decreased by using a large inoculum of cells, which is the case in the activated 
sludge treatment process. A lag period such as that shown in Fig. 6-9 usually 
can be eliminated if the starting cells are taken from a system that has already 
attained the succeeding phase of growth. 


The Exponential and Declining Phases of Growth 

The exponential and declining growth phases are discussed together because 
there is often a close mathematical relationship between them, and together 
they form the substrate removal or purification phase depicted in Fig. 6-1. 
Referring to Fig. 6-9, the rate of change in X, i.e., the slope of the curve, 
dX/dt, increases in phase 2, passes through an inflection point, and thereafter 
decreases until the maximum concentration of X is obtained and the popu¬ 
lation enters the stationary phase in which dX/dt =0. 

There are many reasons that cells do not grow indefinitely, including 
exhaustion of nutrients, depletion of the dissolved oxygen supply, crowding, 
growth-induced changes in the chemical environment, and production of toxic 
substances. It can be appreciated that in wastewater treatment the aim is to 
control the environmental conditions so that the phenomenon limiting growth 
is exhaustion of the carbon source. Equations can be developed that follow 
the general sigmoidal (“S”) shape of phases 2 and 3, but for the present 
phases 2 and 3 can be considered separately. 

Often in phase 2, the rate of increase in X, dX/dt , is proportional to the 
concentration X in the system, and the proportionality factor can be shown to 
be constant. Designating the proportionality factor with the symbol /a: 

^ = pX (6-12) 

and p. is often called the specific growth rate, i.e., the growth rate per unit of 
biomass. The units of p. are time -1 . Upon integration, Eq. (6-12) may be 
written as: 

X, = Xoe* 1 ' (6-13) 

Equation (6-13) allows one to predict (calculate) the weight of cells at any 
time from a knowledge of the initial concentration X 0 and the specific growth 
rate p.. 

According to these equations, the size of the biomass is increasing 
exponentially or logarithmically. The mode of kinetic expression of growth 
can be described as “first-order, increasing-rate,” and this is recognized as the 
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growth law of Malthus. Equation (6-13) can be put in conventional straight- 
line form for easy determination of p by taking the logarithms of both sides: 

In X, = In X 0 + pf (6-14) 

Only when p is constant can Eq. (6-14) plot a straight line; consequently, any 
straight-line portion of a semilogarithmic plot of growth data marks the extent 
of exponential growth. Figure 6-10 is a semilogarithmic plot of growth data. It 
is clearly seen that there is an exponential phase of growth. The value of the 
specific growth rate p can be obtained from the data by solving Eq. (6-14) for 
p: 

In X, — In X 0 „ 

P= -:- (6-15) 


If one chooses for a time interval the time required for X to double, t d , then 
Eq. (6-15) can be written as follows: 


In 2 0.693 

td t d 


(6-16) 


Using Eq. (6-16), p is easily calculated from the data. 

The exponential growth phase may extend through several doubling times 



Figure 6-10 Semilogarithmic plot of a growth curve showing extent of exponential or logarithmic 
growth. 



234 QUANTITATIVE DESCRIPTION OF GROWTH 


or it may not even last through one. But any straight-line portion, no matter 
what its extent, fits the mathematical definition of exponential (logarithmic) 
growth. It is important to emphasize that it is the mathematical description of 
an exponential phase of growth rather than a physiological definition with 
which we are concerned in describing the process. When cells are in an 
exponential growth phase, their doubling time is constant. If X is measured in 
number of cells, the time required to double the numbers is called the 
generation time g. The numerical values of g and t d may or may not be equal, 
depending on the constancy of the relationship between mass and numbers of 
cells. It should be noted that determination of the existence and extent of an 
exponential phase as well as the value of its numerical descriptor /a are directly 
related to the quantity and quality of the growth data (plotting points) obtained. 
One is depending on the data to determine whether logarithmic growth occurs, so 
a rapidly performed measurement like that of optical density offers tremendous 
advantages. Caution is required in order to avoid assuming that a straight-line 
portion exists simply because a plot is made on semilogarithmic paper. 

Figure 6-10 also shows a method of determining the extent of the lag 
phase. It begins at time 0 and ends when exponential growth begins, that is, 
where the growth curve becomes tangent to the straight line marking the ex¬ 
ponential growth phase. Lag time can be expressed simply in time units, as shown 
on the figure, or with reference to the exponential phase, in doubling times 
by dividing the lag time by the value of t d determined for exponential growth. 

The declining phase of growth begins where the curve departs from a 
straight line. This point of departure is the inflection point shown in the 
arithmetic plot (see Fig. 6-9). From this point, the value of dX/dt begins to 
decrease. Sometimes the specific rate at which it is decreasing, /a', can be 
shown to be constant. This situation is mathematically analogous to the 
kinetic mode of expression by which the DO was approaching the saturation 
level in Fig. 6-4. and the same mathematical treatment is applicable. The 
maximum value of X replaces C 5 , and p' replaces JO. Thus, both p and /a' 
can represent first-order specific growth rate constants, but p is the constant 
for an exponentially increasing rate, whereas p' represents an exponentially 
decreasing rate. It is important to note that the maximum value of biomass X 
is not maintained for long periods of time. The biomass concentration may 
remain steady for a time, but it soon begins to decrease. It is also well to note 
that the inflection point separating phases 2 and 3 is not necessarily at the 
halfway point on the curve. It may lie above or below the halfway point. 

Any of a number of environmental conditions may govern the extent of 
the exponential phase, but during batch growth, an exponential phase, as 
measured by practical experimental criteria, usually can be observed. 

The Stationary Phase of Growth 

As stated previously, the most common cause for cessation of growth is 
exhaustion of an essential nutrient, and in most biological treatment processes 



GROWTH IN BATCH SYSTEMS—THE GROWTH CURVE 235 


the aim is to make the carbon source the limiting nutrient. Thus, the peak in 
the growth curve usually coincides with the low point of the substrate 
removal curve, as shown in Fig. 6-1. Cells transferred to a new medium at the 
beginning of the stationary period often grow again in the exponetial phase 
without a lag just as they do when transferred from the exponential or 
declining phase. However, the longer they remain in the absence of substrate, 
the greater is the probability of breakdown of metabolic machinery, which 
occurs in the stationary phase. 

If, after reaching the maximum concentration of X, all the cells died and 
did not disintegrate, X would remain constant and the stationary phase would 
be the terminal condition. In the normal course of events, this does not 
happen. The majority of cells remain alive; i.e., they respire. However, since 
the food supply is gone, they turn to internal carbon sources (endogenous 
substrates); the natural consequence is a decrease in the mass of X in the 
system. For example, certain enzyme proteins formerly used in metabolizing 
the original exogenous substrates are no longer needed; thus they may 
become substrates themselves and are oxidized to help the cell maintain itself 
in a living state. In mixed populations in this stage, there is the probability of 
species interaction and attack on one species by another. For example, one 
cell may elaborate specific enzymes that disintegrate cell walls and mem¬ 
branes of others (lysozymes), or viral agents (bacteriophage) may cause an 
infected cell to break open, thereby releasing its organic compounds, which 
can become external nutrients for the intact cells. Also, grazing populations of 
bacterial predators may consume part of the population. The time required for 
these processes to be set in motion and the rates at which they proceed vary, 
but in general for heterogeneous populations the stationary phase is rather 
short; the size of the population peaks and begins to decline very shortly 
thereafter. 


Accelerating and Decelerating Phases of Autodigestion 

These portions of the biomass curve are considered together for the same 
reasons that phases 2 and 3 were discussed together. Whereas phases 2 and 3 
can be described as exponential accelerating and exponential decelerating 
growth, phases 5 and 6 can be mathematically characterized as exponentially 
accelerating “death” and exponentially decelerating "death.” Special caution 
is needed in specifying the way in which X is measured. When cells are 
growing (phases 2 and 3), the correlation between viable cell count and 
biomass concentration as measures of X is often rather good, but this is 
generally not so during the autodigestion and endogenous phases (phases 5 
and 6). Phase 5 may have a drastic effect on the viable count; in fact, in pure 
cultures the cells may sometimes undergo nearly total loss of viability (death) 
in an increasing exponential kinetic mode with little or no change in X 
measured as biomass. In many systems of natural populations with A' based 
on weight measurement, phase 5 is rather short-lived and the size of the 
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Figure 6-11 Decelerating autodigestion 
(logarithmically decreasing), phase 6 of 
Fig. 6-9. 


biomass decreases at an ever-declining rate, as in phase 6. If the decrease in X 
is such that half of the biomass concentration is autodigested in a constant 
time interval, the following equations are applicable: 


* 

1 

II 

(6-17) 

1 

>< 

II 

(6-18) 

r lnXo-lnX, 

(6-19) 

fc ,_ln2_0.693 

fi/2 t 1/2 

(6-20) 


The value of k' can thus be determined in a manner analogous to the 
determination of p. Rather than doubling time t d , one measures the half time 
t j/ 2 , i.e., the time required for the biomass concentration to decrease by 
one-half (see Fig. 6-11). Equations (6-17) through (6-20) may be recognized as 
the same as those depicting the kinetics for radioactive decay. While one may 
be certain that radioactive decay will occur in accordance with these equa¬ 
tions, the autodigestion of a biomass may not always follow such a kinetic 
expression. Again, the environmental technologist can only plot the data to 
determine whether the system under investigation does follow exponential 
decay laws, with full knowledge that there is no law saying that it must. 


RELATIONSHIPS BETWEEN X AND S 

Thus far we have dealt with simple ways to describe various phases of the 
growth and death of a biomass. Both growth and death are of vital importance 
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because together they constitute the decay leg of the carbon-oxygen cycle. In 
an engineering sense, growth is synonymous with the purification phase in 
wastewater treatment, and the autodigestion phase is the same as aerobic 
sludge digestion. In this section we shall discuss some useful mathematical 
relationships between X and S; these will be used later in models to describe 
and control growth in continuous-flow reactors such as biological treatment 
plants. 


The Yield Coefficient Y 


Referring again to Fig. 6-1, the peak biomass concentration occurs at the end 
of the substrate removal phase, and the amount of biomass produced is 
significantly less than the amount of carbon source, ACOD, that was removed. 
The mass of cells produced per unit of substrate removed is called the cell 
yield Y : 


X, - X 0 AX 
So - S e AS 


( 6 - 21 ) 


The value of this fraction can vary because it is dependent on the nature of 
the substrate and the species present, as well as on the environmental 
conditions under which the cells metabolize the carbon source. With respect 
to any one experiment, one may ask whether Y is constant throughout the 
substrate removal period. Results of many experiments indicate that it is 
constant for pure cultures and also for heterogeneous populations. 

Figure 6-12 shows the results of an experiment in which a mixed micro¬ 
bial population of sewage origin acclimated to glycerol was grown on glycerol. 
Figure 6-12C is particularly important because it shows that the ratio of 
biomass X synthesized to substrate removed S r is constant throughout the 
substrate removal phase. One could have measured Y at any place along the 
curve in the substrate removal phase and found the same value. Thus we may 
write: 


dXIdt 

dSIdt 


( 6 - 22 ) 


Normally in batch experiments, Y is measured at the top of the growth curve 
as a matter of convenience. 

One can have confidence in the cell yield value only when it is based on 
the measurement of both cells produced AX and substrate removed AS (or 
S r ). That is, it should not be assumed that all of the carbon source has been 
removed when growth ceases. Also, any measurement of Y after maximum 
growth is attained can lead to falsely low values of the yield coefficient. The 
value of the yield coefficient obtained during or at the end of the substrate 
removal period is called the true cell yield Y t . Since any value measured after 
this, i.e., in the autodigestive phase, will be lower, it can be stipulated that Y, 
is the maximum cell yield for that experiment. A yield value measured some 



238 QUANTITATIVE DESCRIPTION OF GROWTH 





iC'ODl Substrate removed. mg'L 
C 

Figure 6-12 (A) Growth and substrate removal for heterogeneous population growing on glycerol. 
(B) Semilogarithmic plot of growth and substrate removal. (C) Biomass versus substrate removed, 
showing constancy of cell yield Y, in exponential and declining growth phases. (From Ramanathan 
and Gaudy, 1972.) 


time into the endogenous or autodigestive phase is not a valid yield 
measurement. 

Many factors affect the numerical value of the cell yield Y,. For example, 
whereas a lowering of temperature decreases the growth rate, it often causes 
an increase in Y,. Also it can be shown, depending on the nature of the 
substrate, that cell yield can be increased by increasing the carbon/nitrogen 
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ratio in the medium (see Chap. 10). However, in the normal case, the cell yield 
Y, exhibits relative constancy for a given species grown on a given carbon 
source. For some species, e.g., Escherichia coli, the cell yield remains fairly 
constant for many compounds of the same class; e.g., cell yields on different 
carbohydrates are very similar. 

Since the cell yield depends on the species present as well as on the 
nature of the carbon source, one must expect variation in Y, values for 
natural populations even when they are grown on the same substrate under 
identical growth conditions. Table 6-2 shows a summary of Y, values for 
heterogeneous populations of sewage origin grown on simple substrates in 
minimal salts media. All experiments were conducted under similar, closely 
defined conditions (temperature, aeration, mineral salts concentrations, pH, 
etc.). In using numerical descriptions of the growth of natural populations, 
one must always be cognizant of the fact that while the biomass possesses 
biochemical and biomechanical properties, it is an ever-changing ecosystem, 


Table 6-2 Statistical summary of sludge yield values for heterogeneous popu¬ 
lations of wastewater origin grown on various carbon sources 


Carbon 

source 

Average 

cell 

yield, % 

Number of 
determina¬ 
tions 

Range 

Standard 

deviation 

Coefficient of 
variance 

95% 

Confidence 

limits 

Arabinose 

44.8 

6 

32-51 

— 

— 

— 

Cellobiose 

50.3 

4 

34-61 

— 

— 

— 

Fructose 

53.0 

8 

34-69 

10.4 

19.6 

44.4-61.6 

Galactose 

51.9 

24 

36-76 

11.3 

21.8 

47.1-56.7 

Glucose 

61.9 

118 

36-88 

12.5 

20.1 

59.6-64.2 

Glycerol 

46.5 

31 

31-61 

9.4 

20.2 

43.1-49.9 

Lactose 

47.1 

12 

30-61 

7.5 

15.9 

42.4-51.8 

Maltose 

51.7 

7 

39-86 

— 

— 

— 

Mannose 

52.2 

8 

36-70 

13.4 

25.6 

41.1-63.3 

Ribose 

45.7 

9 

36-56 

6.4 

14.0 

40.8-50.8 

Sorbitol 

50.6 

39 

35-59 

6.0 

11.8 

48.7-58.5 

Sorbose 

52.0 

12 

23-73 

16.7 

32.1 

41.4-62.6 

Sucrose 

53.1 

12 

33-77 

14.1 

26.5 

44.2-62.0 

Xylose 

50.4 

18 

25-71 

11.4 

22.6 

44.8-56.0 

Acetic acid 

41.2 

6 

26-53 

— 

— 

— 

Butyric acid 

45.0 

1 

— 

— 

— 

— 

Citric acid 

31.0 

1 

— 

— 

— 

— 

Glutamic acid 

50.0 

1 

— 

— 

— 

— 

Lactic acid 

29.0 

1 

— 

— 

— 

— 

Malonic acid 

41.0 

1 

— 

— 

— 

— 

Propionic acid 

38.0 

2 

36-40 

— 

— 

— 

Pyruvic acid 

68.0 

1 

— 

— 

— 

— 


Cell yield is expressed as the precentage of the organic carbon source that is converted to cells, 
i.e., (dry weight of cells produced/weight of carbon source utilized) x 100. 

Source: Ramanathan and Gaudy, 1972. 
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and this variation is often reflected in changes in the numerical values of the 
parameters used to describe it. In defining properties of this biomass, one can 
take this into account by using a range of values rather than seeking precise 
numerical amounts. Engineers are accustomed to the variability and ap¬ 
proximate nature of properties of materials, and this biomaterial is subject to 
perhaps even more variability than is any other engineering material. 

It is important not only to know that the cell yield constant is not a 
constant for heterogeneous biomasses but also to have some idea of the 
probable range of values to be expected. From the data in Table 6-2 one could 
conclude that in dealing with a predominantly carbohydrate carbon source in 
a natural wastewater, a Y, value of approximately 0.5 would be a fairly good 
average; however, in making quantitative calculations, it would be wise to test 
the consequence of Y, values ranging from 0.4 to 0.6. In placing such a range 
on the calculations, there is some surety that the analyst has bracketed the 
range of values of Y, that might be expected. 


Effect of S on fx 

To this point, the specific growth rate /u. has been defined by Eq. (6-12), and a 
relationship between the rate of substrate removal and the growth of biomass 
Y t has been established [Eq. (6-22)]. It has been shown that the specific 
growth rate /a may be constant for a time during growth (exponential phase), 
but eventually it decreases until it becomes 0 at the top of the growth curve. 
If the carbon source has been removed when growth stops and the experi¬ 
mental environment is not deficient in anything but the carbon source, it may 
be concluded with some confidence that the decreasing growth rate was 
related to, or in any event may be correlated with, the decreasing concen¬ 
tration of carbon source S. Thus, we would conclude that at higher concen¬ 
trations of substrate, the specific growth rate may not be related to S; i.e., 
substrate could be present at concentrations in excess of those that will affect 
q., and only at lower concentrations is q, dependent on S. Concentrations of S 
that affect q are found to vary with the species of microorganism and the 
nature of the carbon source. 

If one ran a number of growth experiments using an acclimated culture 
and different concentrations of a specific carbon source and plotted the data, 
the family of curves obtained would be similar to one of those shown in Fig. 
6-13. Figure 6-13A shows a case in which the slope of the exponential phase is 
the same at initial substrate concentrations S 0 of 1000 to 400 mg/L. Only at the 
two lowest concentrations does the slope of the exponential phase decrease, 
and then only slightly. Obviously, q is dependent on substrate concentration 
only at very low concentrations of S. 

In Fig. 6-13B. there are again distinct exponential phases for each initial 
substrate concentration, but there is considerably more spread in the curves. 
This type of result is most frequently observed for heterogeneous populations. 
Note that the spread of the curves increases as S 0 decreases; i.e., q does not vary 
directly with S 0 . 



g, h" 1 Cells, X (optical density) 



0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 

S 0 . mg/1, S 0 , mg/L S 0 . mg/I. 


K> 


Figure 6-13 Examples of various types of hatch growth curves that can be observed at different concentrations of substrate. Curves like the 
ones shown in B are usually observed for heterogeneous microbial populations. (Top) Growth curves at initial substrate concentrations 
shown in parentheses. ( Bottom ) Specific growth rate versus initial substrate concentration. 
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In Fig. 6-13C, all of the plots are curves; exponential growth is most 
closely approached at the highest concentration of substrate, but it is clear 
that to increase the straightening tendency as So is increased would require an 
initial substrate concentration considerably higher than 1000 mg/L. That is, 
only at very high substrate concentrations could exponential growth be said to 
occur in this system. Even though exponential growth did not occur, the 
specific growth rate is related to substrate concentration and its dependence 
on it decreases as the substrate concentration is increased. 

In all three cases. A, B, and C, the growth rate is dependent on the 
substrate concentration at some concentration. If the values of p are cal¬ 
culated and plotted versus S 0 , graphs of the types shown in the lower portion 
of Fig. 6-13 are obtained. The values of /a can be found using Eq. (6-16). For 
case C, however, there is no exponential phase, and the specific growth rate 
can only be estimated by determining the initial slope of the curve. 

In the three cases there are similarities as well as differences. Cases A and 
B are similar in that exponential growth is developed in both; they differ in the 
degree of dependence of /a on S 0 . Cases B and C both show considerable 
dependence of p on S 0 , but in case C, p does not remain constant over a 
sufficient range of substrate concentrations to register an exponential phase. 
In system C, the gradual straightening out of the curves as the initial substrate 
concentration is increased indicates that at some S 0 higher than 1000 mg/L, 
exponential growth may occur. 

In the early 1940s, Monod was beginning research on growth mechanisms 
that led to the discoveries in microbial genetics and metabolic control 
mechanisms for which he is most widely known. Understandably, one of his 
initial efforts involved the mathematical description of the course of microbial 
growth from the beginning to the stationary phase. For the pure cultures and 
substrates he studied (e.g.. Escherichia coli and Bacillus subtilis; glucose and 
mannose), his results conformed more to case A than to B or C. In fact, he did 
not note divergence from a constant exponential value for p until the S 0 
concentration was somewhat lower than that used in the example of Fig. 6-13. 
The important aspect to note is that he did find a consistent but slight 
dependence of p on S 0 . Because p was dependent on S only at very low 
concentrations, it was difficult to determine the nature of the effect. It can be 
seen from the lower graph of Fig. 6-13 A that there are no points in the region 
that is of the most interest, i.e., below a p value of 0.3 h _1 . At very low initial 
substrate concentrations, it is difficult to obtain enough plotting points to 
define a straight line on semilogarithmic paper (which is the analytical 
definition of exponential growth). However, as X approaches its maximum 
value in each of the growth curves in the upper graph, i.e., as it approaches a 
stationary phase, the curves break rather sharply. If one were to consider 
small increments, AX, along the breaking portion of any one of the curves, 
values of p could be calculated as the slope of the tangent at the average X 
for any particular increment of time. The substrate concentration, being 
nearly exhausted in this declining stage of the curve, is difficult to measure. 
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However, Monod had previously concluded from other experiments that the 
cell yield was constant throughout the increasing and declining phases. Thus, 
from knowledge of the cell yield, it was possible to calculate the substrate 
concentration corresponding to the slope of the tangents to the growth curve 
at the average value of X in each increment examined. In this way he was 
able to get plotting points for the graph of /jl versus the substrate concen¬ 
tration with which to fill out the curve at the lowest values of /a and S. His plot 
was not of /a versus S 0 but of /a versus S. In all cases, the data points 
depicted a sharply breaking curve similar to the one shown in the lower graph 
for case A. 

The significant point here is that in the plots of /a versus S or So, /a 
approaches its upper value along a curve of ever-decreasing slope. The 
maximum value of /a is therefore approached as an asymptote. Monod noted 
that this curve might be described by the equation of a rectangular hyperbola. 
Such a curve can be used to describe the data obtained in many adsorption 
studies (the Langmuir equation) and in studies of the effect of substrate 
concentration on enzyme velocity (the Michaelis-Menten equation). The data 
can be plotted in any of the straight-line forms shown in Fig. 3-34. The 
asymptote q. max and the shape factor, which can be designated as a saturation 
constant K s , can be used in the hyperbolic equation to calculate the value of ^ 
at any value of substrate concentration, and the accuracy with which the 
rectangular hyperbola describes the data can be assessed. The relationship can 
be expressed as follows: 


_ Ama\B 

* " k 5 + s 


(6-23) 


In Eq. (6-23), S rather than S 0 is used because Monod did not (could not) 
employ the initial substrate concentrations to obtain most of the data he used 
in forming the relationship; in his case /x changed very rapidly with changes 
in 5 at the lower concentrations. For cases B and C (and for case A, if one 
could measure exponential growth at low substrate concentrations), one could 
write an equation of the form 


A = 


An 


xSo 


K 5 + So 


(6-24) 


It is emphasized that Monod would have determined ix using S 0 , but the 
dependence of /a on S was so slight that it was not possible to detect 
differences in /a in the exponential phase. An examination of his data shows 
that exponential phases did develop at substrate concentrations lower than 
those needed to develop the maximum value of exponential /a, just as in the 
example shown in Fig. 6-13A. Thus Eq. (6-23) may be considered an ap¬ 
proximation of Eq. (6-24). It is clear from Fig. 6-13A and B that /a is related to 
the substrate concentration but not so closely tied to it that there is a change 
in fx for every slight change in S. There is no doubt that growth occurs at the 
expense of a decrease in substrate concentration; therefore, during growth. 



244 QUANTITATIVE DESCRIPTION OF GROWTH 


for example at S 0 = 200 mg/L, the substrate concentration must have changed 
considerably during the 4 or 5 h that /x remained constant (see Fig. 6-13B). 
Thus, if one accepts the previous statement that most batch growth studies of 
this type yield data like those shown in Fig. 6-13B, Eq. (6-24) must be 
considered a more accurate representation of the data than is Eq. (6-23). This 
will be an important consideration when examining and using the descriptive 
theory of growth in continuous-flow reactors rather than in batch systems. 
Equation (6-23) is a more accurate descriptor of experimental data of the type 
shown in part C, since mathematically this equation states that for any change 
in S there is a change in /a. For each curve in case C, the slope continually 
decreases as S is decreased during growth. 

The value of the shape factor K s has an effect on the change in /x at 
different values of S or So. K s , i.e., the value of S when /a = 2 Fma\> is much 
lower in case A than in case B. The effect of K s on the shape of a plot of jx 
versus the substrate concentration (So or S) is shown in Fig. 6-14. It is 
apparent that the higher the value of K s , the flatter is the curve; thus, when K s 
is 10 mg/L, a small difference in S (at very low values of S) evokes a rather 
large change in fx, whereas when K s = 150 mg/L, a much larger change in S is 
required to change /x. In Monod’s studies, the values of K s were very 
low—ranging from 4 to 20 mg/L. Early attempts to verify Monod’s findings 



Substrate. So, mg/L 

Figure 6-14 Effect of K s on the relationship between specific growth rate y and initial substrate 
concentration S 0 . Assumed conditions: /i max = 0.5 h _l ; X s = 10(O), 75(A), and 300 0 mg/L. 
Calculations for plotting points were made using Eq. (6-24). 
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also indicated rather low values of K s , which led to a general conclusion, 
bordering on dogma, that K s was extremely low for most species of micro¬ 
organisms growing on simple substrates. 

Monod’s aim at this time was to devise an equation to describe the growth 
curve (exclusive of the lag phase). Using Eqs. (6-12), (6-22), and (6-23), 
Monod was able to integrate the combined equations into an expression as 
follows: 

K s + s 0 +(Xo/y ( )/,_ x\ k s , r so+(Xo/y,)-(x/y,) i 
s 0 +(x 0 /y,) v xj s 0 +(x 0 /y,) L s 0 J 

(6-25) 

For a given /x max , K s , and y„ one can use Eq. (6-25) to determine X at any 
time during growth when the initial concentration of cells X 0 and the initial 
concentration of substrate So are known. It should be understood that Eq. 
(6-25), in accordance with Eq. (6-23), which was used in its derivation, 
predicts that there is no exponential phase unless the substrate concentration 
is in excess of that which will permit the system to grow at ju max . If X s is 
small, the amount of substrate needed to attain p, max is also small, e.g., 
compare Fig. 6-13A and B. Thus, the smaller the value of K s , the more closely 
the equation will be able to reproduce the curve of growth. One can test the 
accuracy with which the equation can describe the growth curve by deter- 
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Figure 6-15 Relation between specific growth rate fx and initial substrate concentration for 
culture isolated from municipal sewage growing on glucose. (From Gaudy et ai, 1973.) 
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mining K s and q, max for a system of cells and substrate, and then using Eq. 
(6-25) to compare the calculated and observed growth curves. 

If one studies a system (species and carbon source) for which K s is fairly 
high, one can, by selecting S 0 at some level below that needed to generate 
q. max , test whether exponential (logarithmic) growth exists for this low value of 
S 0 . Figure 6-15 shows plots of both q. versus S and S//a versus S (reciprocal) 
for an organism growing on glucose minimal medium; the organism was 
isolated from municipal sewage. The value of K s for this organism was rather 
high—390 mg/L. The curved line through the plot of /a versus S 0 was 
calculated from Eq. (6-24), and it is seen to fit the data fairly well. Figure 6-16 
shows a plot of growth data using this same organism. The substrate was 
again glucose (S 0 = 560 mg/L). The dashed lines are drawn through the 
experimental data, whereas the solid lines are plotted from values calculated 
using Monod’s Eq. (6-25). From the top graph it can be concluded that the 



Figure 6-16 Comparison of observed 
growth curve (dashed lines and plot¬ 
ted points) with growth curve cal¬ 
culated from Eq. (6-25) (solid lines). 
The organism was the one used to 
generate the results shown in Fig. 
6-15. (From Gaudy et al., 1973.) 
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equation provides a fairly good approximation of the growth curve. From the 
bottom graph (semilogarithmic plot) it is seen that, as mentioned before, the 
equation does not allow for an exponential phase at this initial substrate 
concentration. The S 0 of 560 mg/L was well below that required to permit q. 
to approach q max (q max = 0.32, see Fig. 6-15). Thus, it should be clear that 
substrate does not need to be present in excess in order for exponential 
growth to occur in a batch system. It is evident from the semilogarithmic plot 
of Fig. 6-16 that exponential growth was attained. 

Figure 6-17 shows the results of a growth experiment using a hetero- 



Figure 6-17 Variation of specific growth rate p. with initial substrate concentration S 0 for a 
heterogeneous population of sewage origin. Each plotted point was determined from growth 
experiments in which /a was obtained from a semilogarithmic plot. The hyperbolic curve (upper 
portion ) was calculated from the equation shown using values of the constants K s and p. mn 
obtained from the reciprocal plot of the same data (lower portion). (From Gaudy et al.. 1971.) 
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Figure 6-18 Monod plot for the 
soluble portion of municipal 
-I sewage. ,u max = 0.5 h"'. K, = 
63 mg/L. (Adapted from Peil and 
Gaudy. 1971.) 


geneous microbial population of sewage origin growing on glucose. The 
general similarity of these results to those of Fig. 6-14 is evident. 

Figure 6-18 shows the results of growth experiments using a hetero¬ 
geneous population of sewage origin growing on the soluble portion of a 
municipal sewage. Again the curve is hyperbolic. 

In view of the evidence available from experimental data, several con¬ 
clusions regarding batch growth seem justified. First, from the best scientific 
approach, i.e., procurement of carefully obtained data and assessment of 
them in accordance with the mathematical description of exponential growth, 
one must conclude that exponential growth can occur at low substrate 
concentrations in batch processes. Second, substrate must be removed from 
solution during the phase of exponential growth. This is illustrated in Fig. 
6-19; the substrate concentrations at various times during growth, measured 
using the COD test, are shown along with the growth curve in the top portion 
of the figure. Approximately 50 percent of the substrate was removed during 
the exponential phase. Figure 6-20 shows similar results for a system consis¬ 
ting of a mixed population of sewage origin. Thus, substrate concentration 
can change considerably while y remains constant, and it is necessary to view 
Eq. (6-23) with some degree of respectful caution. Even though y is not as 
responsive to S as the equation implies, the integrated form [Eq. (6-25)] can 
give a rather good approximation of the growth curve. The lack of immediate 
response of y to a change in S can be looked upon as a looseness of coupling 
of /x to S or as a “slippage” in the coupling. One may also consider that the 
sluggishness with which y responds to a change in substrate concentration is 
a kind of “kinetic inertia” that resists change. We shall return to this idea 
when we consider the concept of growth rate hysteresis in response to 
changes in S in continuous-growth reactors (see Chap. 13). 

Like the cell yield Y„ K s and /u max can be considered to be biomechanical 
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Figure 6-19 (.Top) Growth and 
substrate removal at initial glucose 
concentration of 320 mg/L 
(340 mg/L COD). (Bottom) Semi- 
logarithmic plot of optical den¬ 
sity versus time for deter¬ 
mination of the growth rate con¬ 
stant p. (From Gaudy et at., 1971.) 


properties of the biomass that can be used to describe the behavior of the 
biomass toward the carbon source. The numerical values of K s and /u, max can 
change with temperature, nature of the carbon source, and other factors, just 
as can the value of Y t . Also, like Y„ the values of these kinetic parameters 
can change because of random changes in species predominance in hetero¬ 
geneous populations. Thus, it is necessary to think of these two biomass 
“constants” in terms of a range of values rather than specific numerical 
values. For heterogeneous populations growing on various carbohydrates or 
municipal sewage at temperatures in the range of 18 to 25°C, p. max values in 
excess of 0.4 to 0.6 h - ’ are seldom observed. Using COD to measure concen¬ 
tration of the carbon source, values of K s have been found to range between 
50 and 200 mg/L, but values below 50 and above 200 mg/L are not uncommon. 





X % optical density 
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Figure 6-20 Kinetics of growth and substrate removal for heterogeneous microbial population of 
municipal sewage origin growing on glucose at three initial concentrations. (From Gaudy et ai, 
1973.) 
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When a sample of cells is taken from a very slowly growing system such 
as activated sludge and placed in fresh medium, the cells usually exhibit, for a 
while, the very slow growth rate characteristic of their previous growth 
history. Usually this period of slow growth represents only a small fraction of 
the substrate utilization period. Following the period, the growth rate in¬ 
creases and becomes more characteristic of the substrate concentration rather 
than of the previous environment. This may be looked upon as another 
manifestation of kinetic inertia. The early stage may even plot as a straight 
line on semilogarithmic paper, so that there may appear to be two exponential 
phases—a slow one that may consume considerable time but little substrate, 
and a faster one that consumes most of the substrate used prior to the 
inflection point separating the exponential and declining growth phases. At 
times the first phase does not approach a straight-line plot on semilogarithmic 
paper, and it is treated, as previously described, as a lag phase. 

When the data plot two exponential growth phases, a decision must be 
made as to which provides the most valid information about the kinetic 
constants characteristic of the cells. It would seem that the second phase, 
representing the largest increase in biomass, is the one that should be used to 
determine K s and /a max , since it is more representative of the ultimate 
capability of the biomass under study and is thus more representative of the 
kinetic descriptors K s and p. max . During a period of slow exponential growth 
or lagging growth, much is happening in the biomass. In addition to occur¬ 
rences previously described in discussing phase 1 of Fig. 6-9, selection of 
species can occur in heterogeneous populations. Thus, the cells that increase 
in numbers during a growth study are not necessarily the cells that pre¬ 
dominated in the growth situation from which the seed was obtained. The 
abnormal growth curves sometimes obtained with cells from very slowly 
growing systems may be due to large proportions of nonviable cells in the 
seed or to the presence of cells that require organic growth factors available 
in a sludge but present in only small amounts in fresh medium. In the latter 
case, all of the viable cells may grow slowly using the low concentration of 
nutrients carried over into the fresh medium, and a second growth phase may 
occur when these nutrients are exhausted and cells able to grow without the 
nutrients begin to grow exponentially using the new carbon source that is 
present in a much higher concentration. Whatever the reason for the occur¬ 
rence of two exponential phases, the second, most extensive phase does 
represent the specific growth rate that is attainable by the seed population at 
the given substrate concentration. 

Description of microbial growth, particularly for the heterogeneous popu¬ 
lations with which the environmental scientist and engineer must deal, is not 
the simple subject it is often made to appear in textbooks on microbiology 
and engineering. In some situations, we must arrive at a practical solution to 
the question of which exponential phase is the right one by defining the K s 
and p. max values for a biomass growing on a particular substrate as “con- 



252 QUANTITATIVE DESCRIPTION OF GROWTH 


stants” used to characterize a capability of the biomaterial in question, not 
necessarily its immediate behavior. 

Relationships other than the rectangular hyperbola have been proposed to 
describe the effect of substrate concentration on growth rate. However, the 
Monod relationship provides the most generally satisfactory fit of the growth 
data (Gaudy et al., 1967; Ramanathan and Gaudy, 1969; Chiu et al., 1972b). 

In general, the three biomass constants are sufficient biomechanical 
descriptors for characterizing growth in batch systems. However, when 
considering growth in continuous-flow reactors, it is necessary under certain 
conditions of growth to introduce another kinetic “constant” for describing 
the growth of the biomass at slow specific growth rates. This latter constant 
allows one to consider the possibility that a certain amount of exogenous 
substrate cannot be used to increase the biomass concentration but must be 
expended to provide the cells with energy and replacement carbon to maintain 
the biomass. The concept is an old and reasonable one analogous to the 
caloric maintenance requirement for growing and mature animals. However, 
for an organism as small as a microbial cell, the maintenance requirement 
would be expected to be extremely low; thus it could not be expected to be 
manifested quantitatively unless the population was extremely large and the 
time required for doubling the population was very long, i.e., the growth rate 
very small. There is no evidence for a maintenance requirement during the 
normal batch growth study starting with low initial cell inocula. As the 
concentration of the biomass increases, the cell yield is the same all along the 
growth curve; hence, over the range of growth rates and cell concentrations 
involved, a maintenance requirement is not demonstrable and need not be 
considered in kinetic descriptions of growth in batch systems. 


CONTINUOUS CULTURE SYSTEMS 

There are many types of reactors for growing microorganisms under con¬ 
tinuous feeding conditions. Only one type will be considered here, that is, an 
entirely fluidized reactor system similar to the batch growth reactor shown in 
Fig. 6-1 except that it is modified as shown in Fig. 6-21 for continuous 
addition of substrate at concentration S; and flow rate F. Also, there is 
continuous egress of mixed liquor at the same flow rate F. The reactor volume 
is designated as V, and the substrate and cell concentrations in the reactor are 
designated as S and X, respectively. 

In assessing growth under conditions of continuous inflow and outflow of 
liquid, we assume that each drop of incoming medium is mixed instan¬ 
taneously and completely in the reaction liquid volume. Thus the inflowing 
substrate concentration is immediately diluted by a factor F/V as it enters the 
reaction vessel. The ratio F/V is called the dilution rate or flow rate per unit 
volume and is designated by the symbol D. Thus, D is the reciprocal of the 
mean hydraulic retention time t for the reactor, V/F, i.e., the time required to 
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Figure 6-21 Completely mixed continuous-flow growth 
reactor. 


replace the volume of aerating liquid: 

£ = D = i (6-26) 

V t 

As a consequence of complete mixing, the concentration of any reactant 
is the same in one part of the vessel as it is in another. This assumption also 
leads to the conclusion that the reactant concentrations S and X in the 
outflow are exactly the same as they are in the reaction liquid. Since V is 
the constant volume of aerating fluid, each increment of volume of inflow 
causes precisely the same volume of outflow. These assumptions will be 
examined analytically, but first it is desirable to make another assumption. 
Before becoming too involved with the mathematics of continuous culture, it 
is well to construct some physical picture of how such a system might behave. 

Let it be supposed that at the start of operation the reactor was filled to 
the overflow volume V with a medium containing salts, buffer, and some 
small concentration of cells X but no carbon source. At the start of operation, 
a medium containing carbon source at concentration S,- is pumped into the 
reactor at flow rate F. In response to the inflowing substrate, X begins to 
increase. Some cells are continually lost from the reactor at a unit flow rate of 
D; i.e., cells leave the reactor at a rate DX mg/L/h. The cells grow in the 
reactor at a specific growth rate determined by the substrate concentration in 
the reactor; i.e., /a is governed by the hyperbolic relationship with S [Eq. 
(6-23)]. As X increases, the level of S decreases proportionally; the cell yield 
is constant. The decrease in S causes to decrease, thus decreasing the rate 
of increase ( dX/dt) in X. It seems reasonable that a situation would eventually 
develop wherein the increase in X due to the inflowing substrate would be 
just counterbalanced by the loss of cells from the reactor; that is, X would 
attain some constant level, resulting in dX/dt approaching 0. The condition 
wherein dX/dt = 0 can be defined as a steady state with respect to X. One 
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may hypothesize that if cell concentration X is steady, the cells must be 
growing at a steady specific growth rate /j.. The cells are in an exponential 
phase of growth, since, if they were not, X would be either increasing or 
decreasing. Also, one can surmise that the value of /a must be related in some 
way to the hydraulic flow rate F, since it controls the loss of cells from the 
reactor and thus the rate at which they must be being replaced by growth in 
order to keep X constant. The above statements are developed mathematic¬ 
ally below. 

From the time pumping of the medium is initiated, the rate of increase in 
the concentration of cells in the reactor can be described using Eq. (6-12). The 
rate of decrease in X , or the cell debit, is DX, as previously mentioned. Thus, 
the rate of change in X is: 


dX 

dt 


jxX - DX 


When the steady state is attained and dX/dt = 0, 



(6-27) 


(6-28) 


Equation (6-28) has much engineering significance; it implies that the specific 
growth rate of the biomass can be hydraulically controlled. This is important 
because the hydraulic character of the reactor system can be controlled rather 
easily. In addition to hypothesizing about the behavior of this growth system, 
one may be tempted to ask whether, if one is able to hold X at a constant 
level, the cells that are so grown will be at some constant physiological level 
or state with respect to biochemical composition and metabolic capability, 
e.g., carbohydrate, protein, lipid, and nucleic acid content, type and amount of 
enzymes, etc. 

The general line of reasoning and the mathematical expression of it 
described above were developed by Monod in much more elegant fashion in 
his second bench-mark paper on microbial growth in 1950. He recognized that 
his theory of steady state growth could provide microbial kineticists and 
physiologists with useful tools. Indeed, his own major use of continuous 
culture was to harvest large amounts of cells with like physiological charac¬ 
teristics for his studies on microbial genetics. In this same year, Novick and 
Szilard independently arrived at the same conclusions regarding continuous 
culture and derived equations similar to those of Monod. In 1956, Herbert et 
al. recast and expanded upon the concepts and equations. Over the past two 
decades, many workers have made contributions to the development of the 
kinetic theory of continuous culture. We shall make use of these hypotheses 
and demonstrated principles in attempts to describe growth in continuous- 
flow reactors. Principles will be used in a pragmatic way because they appear 
in many cases to provide ways and means to obtain predictive equations with 
which to control microbial growth and thus biological treatment processes in 
engineered and natural reactors. Where the experimental observations are at 
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odds with the hypotheses and the equations developed by assuming that any 
hypothesis is correct, then there is need to refine or change the hypothesis. 
From an engineering standpoint, there is also a need to deal with these 
divergences and judge the adequacy of the predictive value even in cases 
where the theory is imprecise. 

Hydraulic Mixing Regimes 

Before developing equations for predicting growth and substrate removal, it is 
essential to justify the hydraulic assumption that makes Eq. (6-28) physically 
possible. That assumption is that the mixed liquor (X and S ) is completely 
mixed. It is vital to the successful application of the predictive equations that 
the boundary conditions assumed in their development be physically realized 
or approximated to a satisfactory degree. 

The two extremes of hydraulic mixing regimes in reactors are plug flow 
and complete mixing. In actual practice, many reactors, especially those 
designed before the most recent decade, lie somewhere between the two 
extremes. 

In either type of reactor, the mean hydraulic retention time t is equal to 
V/F. In a plug flow or pipe flow reactor, all of the suspended particles, e.g., 
cells, and the molecules in solution, e.g., substrate, have the same residence 
time in the reactor—V/F. There is no forward or backward mixing as the 
material moves from inflow to outflow. It is indeed difficult to design a reactor 
that can provide perfect plug flow. Kinetically, it is analogous to a batch 
system with time interchangeably used with distance from the inlet to the 
outlet of the reactor. Plug flow is approached in long runs of pipes in which 
the cross-sectional area for flow is very small in comparison with the length of 
the pipe. It is only approximately approached in receiving streams and rivers. 
Plug flow was formerly considered to occur in rectangular activated sludge 
reactors, but this has been found to be an erroneous assumption. Plug flow 
can be approached in settling tanks when efforts are made to maintain the 
liquid under quiescent conditions. 

Since plug flow means there is no or little forward or backward mixing as 
the material flows from inflow to outflow port, it is easily disturbed by mixing. 
Indeed, if the entire volume of liquor is vigorously mixed, a condition of 
“instantaneous” and complete mixing occurs. In this case, not all particles or 
molecules have the same residence time; some have extremely short residence 
times, whereas others have extremely long residence times. 

Test for complete mixing Since the kinetic equations used to describe growth 
in continuous culture assume that the reactor is completely mixed, it is 
necessary that one test any reactor to which these equations are to be applied 
to determine whether it is completely mixed. Such tests are easily performed. 

If at time 0, one began pumping clear water into a completely mixed 
reactor filled to the overflow exit with suspended solids, e.g., dead organisms 
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Figure 6-22 Comparison of dilute-out curves for plug flow and completely mixed reactors for 
assumed D = 0.25 h _l . 


or a clay suspension, the first drop of fluid would replace some of the tracer 
material, and its concentration C in the reactor would be reduced in propor¬ 
tion to the unit flow rate D, i.e., by an increment -DC. The reason for using 
dead cells or inert suspended solids as a tracer is simply to assure that the 
only change in their concentration is due to their dilution by inflowing clear 
water. The second drop of inflowing fluid would reduce the concentration 
remaining in the reactor by the same factor D. Thus, the following equation 
may be written: 


(6-29) 
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Equation (6-29) may be integrated to give 

C, = C 0 e“ Dl (6-30) 

Equation (6-30) describes the washout of the tracer material. Conversely, if 
the reactor had been filled with clear water and the tracer pumped into the 
tank beginning at time 0, the dilute-in curve would be given as follows: 

C t = C 0 (l-<?”“) (6-31) 

To illustrate the difference between plug flow and completely mixed 
reactors, Fig. 6-22 shows the type of results one would obtain in washout 
tests. The graph represents a plot of the concentration of the tracer substance 
measured in the reactor effluent at various times after beginning to pump^ in 
clear liquid containing no tracer. The sigmoidal curve at the time equal to t in 
the plug flow system shows that there is a small amount of forward and 
backward mixing, but in general the concentration of a tracer in the effluent 
stays the same until all of the fluid in the reactor is replaced by clear fluid at 
time t. The bottom graph, as well as Eq. (6-30), shows that in the completely 
mixed system, the concentration of marker substance approaches 0 asymp¬ 
totically (first order, decreasing rate). 

in a laboratory apparatus, complete mixing is rather easily obtained by 
providing vigorous aeration. Figure 6-23 shows experimental dilute-in curves 
and theoretical curves calculated using Eq. (6-31) for a small laboratory 
reactor with aerating liquid volume V of 2.5 L. The reactor is simply a 4-in 
diameter test tube with a circular launder made from a section of 6-in 
diameter glass pipe fused to a 4-in diameter tube. The inflowing medium 
free-falls directly into the center of the circular surface. The liquid egress is 
around the periphery of the top edge of the vessel; the liquid is collected in 
the circular launder and is channeled to the effluent pipe (see Fig. 6-21). 
Aeration and mixing are by compressed air diffused into the liquid at the 
bottom of the tube. It is seen from Fig. 6-23 that complete mixing is 
approached rather closely and that elaborate inflow and outflow structures are 
not needed provided the mixing is vigorous enough. If one obtains such 
agreement of actual and theoretical curves, there is assurance that the reactor 
is completely mixed. 

In the example shown, a soluble dye was used; thus it can be concluded 
that the reactor was completely mixed with respect to soluble substrate. 
When making dilute-in curves using a dye, it is important to be sure that the 
dye is not adsorbed on the walls of the feed reservoir, feed line tubing, or 
walls of the reactor. Also, it should be remembered that it is possible for the 
reactor to be mixed completely with respect to soluble substrate but not with 
respect to suspended particles, e.g., X. Thus, it is desirable to perform the 
same experiment with a particulate tracer such as dead cells or clay particles. 

More vigorous mixing might be needed to provide complete mixing with 
respect to heavier solids, e.g., flocculated microorganisms that will settle to 
the bottom under quiescent conditions. After one has initiated continuous 
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Figure 6-23 Theoretical and experimental reverse washout curves for a completely mixed 
aeration tank. (From Komolrit and Gaudy, 1966.) 


growth, it is wise to check periodically to determine whether the reactor 
remains completely mixed. This can be done during continuous growth by 
determining whether the S and X sampled directly from within the reactor 
are the same as those sampled in the effluent. Usually a comparison of optical 
density readings will suffice to check on complete mixing with respect to X. 
Generally when a reactor is not completely mixed with respect to X, the 
reaction vessel accumulates cells; i.e., X in the reactor becomes higher than 
X in the effluent. When the reactor becomes incompletely mixed with respect 
to soluble substrate, short circuiting is usually the problem. Problems can 
usually be corrected by increasing the vigor of mixing, i.e., increasing the air 
flow rate, rather than by making elaborate changes in the mode of inflow and 
egress. Studies in our laboratories with various types of reactors and inflow 
and outflow arrangements indicate that the simple reactor setup shown in Fig. 
6-21 provides complete mixing. 


Once-through Systems 

Well-established principles for writing material balances for the rates of 
change in the concentrations of biomass X and substrate S will be used in 
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developing equations to predict the kinetic behavior of a continuous-flow 
reactor system under steady state conditions. A chemical equation is in 
essence a mass balance, so although the term mass balance is unique to the 
manufacturing processes, the principle upon which it is based is not foreign to 
those who have made use of the law of conservation of mass, i.e., those who 
have balanced a chemical equation. If one follows a few simple rules, writing 
mass balances provides excellent “bookkeeping” procedures with which to 
work through step-by-step accounting of the raw material (input) and 
products (outputs) of the system. The term system includes each process 
within the boundary established for the system by the analyst. 

Figure 6-24 is a flow diagram for the continuous-flow, completely mixed 
reactor system shown in Fig. 6-21. The boundary of the system is defined by 
the broken lines (envelope). The reactor is represented by the box. It is not 
entirely a black-box approach because, in order to describe the biochemical 
changes that affect the mass rate of change with respect to X and S, one 
needs to establish a rate equation that is an adequate description of the 
process; that is, one needs a model. The kinetic model of Monod will be used 
to describe changes due to growth. It is important to emphasize that the mass 
balance does not yield the model; the model must be inserted into the mass 
balance. The mass balance provides equations that show how the growth 
model is related to operational and control parameters in describing the 
performance of the bioreactor system. 

The mass balance for X is given as follows: 

(+) change due (-) change due 
to growth to outflow 

+ ixXV - FX (6-32) 

(k s +§) xv “ FX (6 ' 33) 

The units are mass • time -1 (i.e., the product of volume and rate of change in 
concentration). Since in this system there were no inflowing cells, the value of 
X will increase due to growth and decrease due to outflow. If one divides Eq. 
(6-32) by V and lets dX/dt approach 0, Eq. (6-28) is obtained. This equation 
has already been derived using the same principles but without calling it a 
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Figure 6-24 Flow diagram for a com¬ 
pletely mixed once-through reactor. 
Dashed lines show the boundary of the 
system for which the mass balance is to 
be written. 
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mass balance. If the Monod relationship or model is now substituted for /a, 
Eq. (6-33) results. If one were dealing with a batch process, FX would be 0. 

If Eqs. (6-12) and (6-22) are combined and integrated, and the resulting 
equation is combined with Eq. (6-33), Eq. (6-25) results. This is the equation 
previously used to estimate the time-dependent course of batch growth in Fig. 
6-16. However if, instead of dealing with the time-dependent state, one lets 
dX/dt = 0 in Eq. (6-33), the following equation results: 


/x = D = 


M max 


s 

K, + S 


(6-34) 


Solving for the steady state concentration of substrate S: 

S = S e = K s (— 5—) (6-35) 

XjU-max-T)/ 

Note that as a consequence of complete mixing, the concentrations of soluble 
substrate in the reactor S and in the reactor effluent S e are the same. 

A mass balance for S may be written as follows: 


Mass rate of _ (+) change due (-) change due (-) change due 
change in S 

v*s = 

dt 


or 
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dt 


to inflow 

to outflow 

to growth 


FSi 

FS e 

_ 

Y, 

(6-36) 
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FS e 

X( Se W 

Y,\Ks + S e J 

(6-37) 


In Eq. (6-36), the first two terms need no explanation. In the third term, 
the rate of substrate consumption is that due to growth, i.e., juX, which is 
related to the amount of substrate by the factor 1/Y,. The Monod equation 
may be substituted for p. as shown in Eq. (6-37). However, if one divides Eq. 
(6-36) by V and lets dSIdt approach 0, the term D appears in all terms. D = /x 
in the steady state; thus: 


X = Y,(Sj - S e ) (6-38) 

Equations (6-35) and (6-38) provide ways to solve for the two unknowns 
on the flow diagram, i.e., and S and X in the reaction vessel and effluent at 
various dilution rates. Figure 6-25 shows how S e and X vary with dilution rate 
for cells grown at an S t of 1000 mg/L with = 0.5 IT 1 , Y, = 0.6, and values 
of K s of 10, 75, and 300 mg/L. If K s is very low, as was observed by Monod 
and some of the early workers in continuous culture, the cells dilute out at a 
D close to the value of q. max , and there is little change in S e and X over a wide 
range of values of D (or /a). But at higher values of K s , the substrate 
concentration in the effluent S e begins to rise at progressively lower values of 
D. This is a consequence of the effect of the numerical value of K s on the 
relationship between /a and S e ; e.g., compare Figs. 6-25 and 6-14. One can 
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Figure 6-25 Effect of K s on the dilute-out patterns for X and S, as dilution rate is increased. 
Assumed conditions are: S, = 1000 mg/L, Y, = 0.6, /u. max = 0.5 h“'. K s = 10, 75, 300 mg/L. 


determine the dilute-out value of D by substituting S, for S in Eq. (6-34) and 
solving for D. This value is called the critical dilution rate D c . The critical 
dilution rates for the increasing values of K s used in the example are 0.495, 
0.465, and 0.385 h _l . 

Examination of Eq. (6-38) shows that it is a straightforward statement that 
one could possibly have surmised intuitively without benefit of a mass 
balance. Equation (6-35) reveals two characteristics of the theory of con¬ 
tinuous culture that are worth pointing out since they do not entirely check 
with experimental evidence over a wide range of operational conditions. 

Equation (6-35) indicates that the steady state level of substrate in the 
effluent S e is independent of S,. Also, X does not appear in the equation. This 
is not necessarily observed for systems growing at rather slow rates using 
ACOD as a means of measuring S f . There is a tendency for S e to increase 
somewhat for higher S, values (which may be dependent on analytical 
methods of measuring S); also, there is some evidence that higher values of X 
can lead to decreases in the level of S e . Thus, under certain conditions, 
generally very low specific growth rates and high biomass concentrations, the 
simple model equations may not predict the precise level of effluent substrate 
for the system. Nonetheless for many applications these equations are 
entirely adequate. 
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It must always be borne in mind that the model equations are attempts to 
simplify the quantitative description of a very complex process, and a model 
such as this need not apply universally over the entire range of operational 
conditions in order for it to have fundamental value and useful application. 
Equations (6-35) and (6-38) hold true for many pure culture systems, and one 
may ask whether they can be used to describe the growth of heterogeneous 
microbial populations. In view of the many changes in predominance of 
species and the resultant variability of the biological constants /A max , K s , and Y h 
the question of attainment of a steady state is of foremost interest. Figure 
6-26 shows a plot of X and S e for a natural microbial population of sewage 
origin growing with S, = 3000 mg/L of glucose at a dilution rate of 0.33 h~'. 
The calculated COD of 3000 mg/L of glucose is 3200 mg/L (i.e., 3000 x 
192/180). The average Si (COD) during the 2-week run was 3140 mg/L. S e 
measured by the anthrone test (filtrate carbohydrate) was very low— 
averaging 17 mg/L—and a steady state was rather closely approached. The 
amount of substrate measured by the COD test was less steady, but a steady 
state was approximated with an average value of 113 mg/L COD. In most 
studies reported on growth of pure cultures, the substrate is measured by the 



Figure 6-26 "Steady state" values of X and S, for feed values S, shown in a once-through 
reactor operating at D = 0.33 h“'. (Adapted from Ramanathan and Gaudy, 1969.) 
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most specific test possible for the substrate; i.e., it is not measured by a 
nonspecific test such as one using the chemical oxygen demand analysis. 
Thus, it cannot be said that the variation in S as measured by COD is unique 
to heterogeneous populations. The nature of the unidentified COD (96 mg/L) 
was not determined in this study. The biomass concentration was much less 
steady than was substrate concentration, probably because of variations in 
cell yield accompanying shifts in species predominance. The average biomass 
concentration was 1730 mg/L. The variations in X are not attributable to 
simply sampling error, since, in studies at other dilution rates, samples taken 
at hourly intervals plot in general along lines connecting the daily sample 
values. Thus, there is natural cycling in X. In any event, one may conclude that 
the system approached “pseudo” steady state in X. 

When a number of such runs is made at various dilution rates and the 
average values of X and S for each are plotted, results of the type shown in 
Fig. 6-27 can be obtained. The solid lines through the data points describe 
curves similar to those calculated in accord with Eqs. (6-35) and (6-38) and 
plotted in Fig. 6-25. However, as D is increased, the washout curves exhibit a 
tailoff not accounted for by the equations. The tailoff effect has been noted in 
pure culture studies as well as in the studies shown here using heterogeneous 
populations. For pure cultures, the effect has been attributed to various 
causes, e.g., mutations to higher /a max values and the selection of these 
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Figure 6-27 Dilute-out curves in S and X for increasing values of D for heterogeneous microbial 
populations growing on glucose. S, = 3000 mg/L. Dashed lines show dilute-out pattern calculated 
from Eqs. (6-35) and (6-38) using experimentally determined values of /j. max , K s , and Y,. (Adapted 
from Ramanathan and Gaudy , 1969.) 
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mutants at the high dilution rates. The tailoff has also been attributed to wall 
growth and its faster sloughing at higher flow rates through the reactor. With 
heterogeneous populations there is evidence for selection of species exhibi¬ 
ting higher p, max values (Gaudy et al., 1967; Ramanathan and Gaudy, 1969; 
Chiu et al., 1972a). It is reasonable to surmise that higher flow rates would 
tend to wash out slower growing cells. Also plotted on Fig. 6-27 in dashed 
lines are the values of X and S e calculated from the model equations using 
/x max and K s values obtained from batch growth studies of the type shown in 
Fig. 6-12 through 6-19, and using as inoculum cells taken from the continuous- 
flow reactor during growth at the various values of D. Two dotted lines are 
shown for X. The lower line represents X calculated using cell yield values 
obtained from batch studies, whereas the higher values of X represent those 
obtained using cell yield values calculated from the continuous-flow reactor 
data. In any event, it can be seen that until the dilute-out curves are well on 
the way to washout, the “theory” of continuous culture provides a satis¬ 
factory tool for predicting behavior of the system with respect to X and S e 
under steady feeding and environmental conditions. 

In addition to the effects of S, and X on the concentration of S and the 
tailoff effect, another possible weakness in the predictive value of the theory 
as originally given is often found. Whereas the tailoff in S e and X occurs at 
very high values of dilution rate, there is often a decrease in biomass 
concentration, i.e., in observed yield, Y 0 = XI(Si - S e ), at very low dilution 
rates. The decrease in the observed cell yield at slow growth rates is 
conveniently, and with some logic, attributable to the effects of cell main¬ 
tenance and/or endogenous respiration. 


Cell Maintenance and Endogenous Respiration 

The cell maintenance theory is basically a statement of well-known dietary 
facts about larger heterotrophic life applied to microorganisms. It is generally 
accepted that, in addition to receiving a balanced diet, animals must receive a 
certain minimum number of calories to maintain their weight at a particular 
level. For a given size and age of animal, a certain amount of food intake is 
needed to maintain the status quo, i.e., to repair the wear and tear of the 
structural and metabolic machinery of the cell. If the feeding rate falls below 
this amount, weight decreases, and if it rises above the required level, weight 
increases. One may ask. Should not this maintenance requirement exist for 
microorganisms as well? As mentioned before, there is little direct evidence 
for its existence in batch growth studies of the type previously described, but 
the dropoff in X as S, is held constant and D is decreased in once-through 
continuous-flow completely mixed growth reactors (chemostats) can be in¬ 
terpreted as evidence of the existence of a requirement for use of some of the 
carbon and energy source for maintenance of the cells in a viable condition. 
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In discussing Fig. 6-1, a practical definition of endogenous metabolism 
was used; it was respiration of internal rather than exogenous carbon source 
resulting in a decrease in the microbial biomass. If one considers, however, 
that this process of aerobic decay can also proceed in the presence of an 
exogenous source of carbon and energy, one can envision a tie or a relation¬ 
ship between endogenous respiration and use of the exogenous energy source 
for maintenance. From the standpoint of a quantitative effect on the observed 
cell yield at decreasing values of D or p, one can consider that the observed 
specific biomass accumulation rate (specific growth rate) represents a net 
specific growth rate p n , resulting from concurrent synthesis and endogenous 
oxidation of some of the synthesized materials not only for growth but also to 
maintain the viability of the cells that have already been synthesized. From 
the standpoint of estimating the effect on the amount of X produced for a 
given amount of carbon source fed, it may make little difference whether the 
respired carbon is taken from "deep” storage or short-term storage products 
of the cell, or whether or not the energy used for maintenance is derived 
directly from the exogenous carbon source, resulting in a reduction in the 
amount that can be channeled into synthesis. The net effect is the same in 
either case. Both cell maintenance and endogenous respiration in the presence 
of exogenous substrates are concepts about which much has been written, 
and investigations into their physiological and mechanistic causes continue to 
receive attention. These are extremely important concepts about which more 
knowledge is needed. Some of the references cited at the end of this section 
should be consulted for more detailed information (also see Chap. 10). The 
main interest here is in devising some way to incorporate the observed 
experimental effect into the predictive equations for growth because, as will 
be brought out later, this concept has important practical ramifications to the 
function of biological wastewater treatment plants as well as other processes 
in the environment. 

The rate of respiration for maintenance (or endogenous respiration) can 
change because of changes in environmental conditions, such as tem¬ 
perature, and in natural populations because of changes in the predominance 
of species. Also, the factor for maintenance or endogenous respiration may in 
fact be a variable that depends on the specific growth rate. Nevertheless, the 
effect of this phenomenon can be considered quantitatively by assuming it to 
be a kinetic “constant.” Once such an assumption is made, a wise approach is 
to determine experimentally whether the assumption is generally satisfactory 
for quantitative description and to determine the range of values one might 
expect; that is, the maintenance or endogenous effect can be handled like the 
other three “constants,” /x max , K s , and Y,. 

Since the decrease in biomass has been equated to maintenance energy 
requirements and endogenous metabolism, it may be aptly called the specific 
decay rate and will be designated by k d - It will be considered as a factor that 
decreases the rate of change in the amount of biomass in a growing system. 
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Thus, the material balance equation for X is revised as follows: 

Mass rate of _ (+) rate of change (-) rate of change (-) rate of change 
change in X due to growth due to decay due to outflow 

dX_ = VllX ~ Vk d X - FX (6-39) 

dt 


Performing the same operations on this mass balance equation as were 
performed on the previous ones, the following equation is obtained: 

y = D + k d (6-40) 

The specific growth rate y is no longer equal to D; it is still controlled 
hydraulically but its magnitude is affected by the new biomass constant. The 
mass balance equation for substrate is written exactly as before: 

= FSi -FS e -V^f- (6-36) 

at if 


Note that no term for S used for maintenance is included, since it has already 
been included in the mass balance equation for X. Operating on this equation 
in the same manner as we did on Eq. (6-36): 


Substituting Eq. (6-40) for y: 


y,D(S,-s f ) 

M 

(6-41) 

Y,D(S,-S e ) 

D + k d 

(6-42) 


Substituting the Monod relationship [Eq. (6-23)] for y in Eq. (6-40), the value 
of S in the steady state is obtained: 


K S (D - kg) 

y max ( + kj) 


(6-43) 


It is interesting to compare the theoretical (calculated) effect of k d on the 
behavior of X and S at various dilutions, i.e., to compare Eqs. (6-42) and 
(6-43) with Eqs. (6-38) and (6-35). Figure 6-28 shows plots of X and S e for 
cells with the following kinetic constants 5 h K s , 75 mg/L; Y„ 0.6; 

and k d , 0 or 0.005 h' 1 . The inclusion of k d makes little difference in the value 
of S e ; it results in only slightly higher values throughout the entire range of 
dilution rates. For example, at D = 0.4h _l , S e = 300 mg/L without k d and 
320 mg/L when k d is included in the predictive equations. Also for dilution 
rates in the range 0.1 to D r , there is little effect on X. Elowever, at very low 
dilution rates, an effect on X is readily apparent. For example, at a value of 
D = 0.05 h~‘ (t = 20h), X without inclusion of k d is 595 mg/L, whereas it is 
540 mg/L when k d is included in the predictive_ equation; that is a relatively 
small difference. However, at D=0.01h _1 (f = 100h), without k d , X ap¬ 
proaches 600 mg/L, whereas it is only 399 mg/L when k d is included. This is a 



CONTINUOUS CULTURE SYSTEMS 267 



Figure 6-28 Effect of maintenance energy or biomass decay factor k d on S and X at various 
dilution rates in a once-through reactor. Assumed conditions: aw = 0.5 h‘\ K s - 75 mg/L, 
Y, = 0.6, k d = 0.005 h' 1 (0.12 day' 1 ), S, = 1000 mg/L. Dashed line. k d = 0. from Fig. 6-25: solid line. 
k d = 0.005 h" 1 . 


significant decrease. If one were to calculate the cell yield using Eq. (6-38) at 
this low dilution rate, it would amount to only two-thirds of the maximum or 
true cell yield Y, characteristic of this particular biomass. 

The difference between the true cell yield Y, and the cell yields observed 
at different values of D (the observed cell yield Y „) is dependent on the 
dilution rate as well as on the numerical value of k d (the higher the k d , the 
greater is the difference at a given dilution rate). The observed cell yield Y„ is 
not a true biological constant. It is not characteristic of the biomass, but rather of 
the biomass and the dilution rate. 

A numerical value for k d can be determined from experimental values of 
Y 0 obtained at various dilution rates D. In developing an equation for plotting 
the experimental data, it is essential to consider the consequences of Eq. 
(6-40); solving the equation for D yields: 

D = p. - k d (6-44) 

Without considering k d , D = /a, but now D represents the net specific growth 
rate, which may be designated as p.„. It is the specific rate at which the 
biomass can accumulate due to the combined effect of growth (/it) and the 
autodigestion or maintenance requirement (k d ). Thus, the following identity 
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can be stated: 

li„=D = j= n~k d (6-45) 

Since k d is a constant, both pi„ and q. can be said to be hydraulically 
controlled by the dilution rate or the mean hydraulic retention time V/F. The 
relationship of Y 0 to Y„ /x„, and k d can be derived easily by noting that the 
observed yield is the ratio of X in the reactor to the amount of substrate that 
has been removed: 


The equation is the same as Eq. (6-38) for Y, neglecting k d . Substituting the 
value of X according to Eq. (6-42): 

y,D(S,--S«) 1 

r ° k d +D S\ S e 


Then 

v y& 

0 k d + D 

Substituting Eq. (6-45) for D in Eq. (6-47): 

V — YtfXn 

0 k d + n„ 


(6-47) 


(6-48) 


Equations (6-47) and (6-48) are of the same form as the Michaelis-Menten 
equation, the Langmuir adsorption isotherm, and the Monod equation; that is, 
the relationship between the observed cell yield and the net specific growth 
rate can be described by a rectangular hyperbola. The reader is again 
reminded that similarity of kinetic expression is not reason to assume 
similarity of the mechanistic cause for the descriptive kinetic of the 
phenomenon being considered. 

A plot of Y 0 versus /x„ calculated from the values of X and AS for the 
system plotted in Fig. 6-28 (k d = 0.005 h' 1 ) is shown in Fig. 6-29 A along with 
curves for k d = 0.05, 0.02, and 0.0005 h" 1 . The hyperbolic nature of the plots is 
apparent, as is the effect of the numerical value of k d on the shape of the 
curve. Y, is approached asymptotically as D (or q,„) increases. Figure 6-29B is 
a linearized plot of Eq. (6-48) obtained by taking the reciprocal of the 
equation (note the similarity to the linear plots of the Michaelis-Menten and 
Monod equations): 


_1_ 

Y, 

J_ 

Y 0 


Y,D\Y, 


± + ±(!± 

Y, fx„\Y ( 


(6-49) 

(6-50) 


or 
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Equations (6-49) and (6-50) provide a convenient way to determine the 
values of Y, and k d for experimental values of Y 0 and p„. The Y, value 
determined using the plot and these equations should be checked against Y, 
values determined from batch experiments using cells taken from the reactor 
during growth at various values of p n . Sometimes, but not always, the Y, 
values obtained in batch (Y, B ) may be somewhat lower than the values 
obtained from the ordinate intercept of a maintenance plot such as that shown 
in Fig. 6-29 B. 

Figure 6-29 C shows another way to obtain numerical values of k d and Y, 
from a plot of data obtained from continuous-flow reactor studies. It is readily 
seen that Eq. (6-45) for p n can be written as follows: 

'‘■-ft?)-' 1 * <6 - 51 > 

Substituting Eq. (6-22) for dX/dt: 

fJ ' n = Y, (w)l(~ kd (6-52) 

The term (dSldt)(l/X), the rate of substrate utilization per unit concentration 

of biomass, is defined as the specific substrate utilization rate U: 

U-fL ,6-53, 


Equation (6-52) can now be rewritten as follows: 

p n = Y,U - kd (6-54) 

This is the equation plotted in Fig. 6-29C. It should also be clear that the ratio 
of the net or observed specific growth rate p„ to the specific growth rate p is 
equal to the ratio of the observed cell yield Y a to the true biomass yield Y ,; 
i.e., 


pn _ Y a 

M “ Y, 


(6-55) 


This relationship can be derived by substituting the value of k d from Eq. 
(6-45) into Eq. (6-48). 

The major evidence for the existence of a maintenance energy require¬ 
ment is the decrease in observed cell yield as p n is decreased in continuous 
culture systems. This is not necessarily proof that the “theory” of main¬ 
tenance energy is correct. However, the cell maintenance theory does provide 
a convenient way to explain the experimental observation of the decrease in 
observed cell yield at low specific growth rates. Also, a word of caution is 
needed regarding the treatment of k d as a cellular or biomass constant. There 
is really no guarantee that k d itself does not vary with the specific growth rate 
p. We will return to the subject of cell maintenance when cell recycle is 
considered, because the return of cells to the reactor provides an effective 
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Table 6-3 Summary of predictive equations in accordance with the theory of 
continuous culture after Monod, Novick and Szilard, and Herbert ( k d =0) and 
similar equations including a cell maintenance constant ( k d Z 0) 


k d = 0 k d # 0 


Specific growth 




P — D 4* k d 

(6-40) 

rate /a 

iu 

= D 

(6-28) 

and 


and net specific 
growth rate p.„, 
time' 1 




/L = M - k d = D 

(6-45) 

Reactor and effluent 






substrate 

s. 

K S D 

(6-35) 

„ KAD + kd ) 

(6-43) 

concentration, 
mass ■ volume”' 

A^max D 

Mmax _ (D + kd) 




Biomass cell 
concentration, 
mass • volume” 1 

X 

= Y,(Si-S e ) 

(6-38) 

Y,D(Si - S„) 

D + k d 

(6-42) 


means of reducing the specific growth rate, and at lower specific growth rates 
the maintenance effect is significant. That is, as p. approaches k d , i±„ ap¬ 
proaches 0; thus, Y 0 approaches 0. It has been seen that for once-through 
systems one can reduce /a. (or /a„) only by decreasing the dilution rate D. 
Generally, for heterogeneous populations, there is little decrease in Y 0 at 
dilution rates greater than i IT 1 . 

The predictive formulations for X and S for once-through systems are 
summarized in Table 6-3. The cell output, or production rate of cells, can be 
expressed in units of concentration, i.e., DX (mass)(volume) _1 (time) _l , or as a 
mass rate of cell production, i.e., FX (mass)(time) _1 . 

Cell Recycle Systems 

Cells can be recycled to the growth reactor by passing the mixed liquor 
exiting the reactor through a separation operation as shown in the flow 
diagram in Fig. 6-30. The separator may be a sedimentation tank, flotation 
device, centrifuge, or filter. This flow diagram is like that for the activated 
sludge process, which was shown in Fig. 2-4. In the case of activated sludge, 
the separation operation traditionally has been carried out in settling tanks 


Figure 6-29 Various forms of equations expressing the concept of cell maintenance: (A) rec¬ 
tangular hyperbola; (B ) linear form, reciprocal of form in part (A); (C) linear form with /a given 
as Y,U. Curves labeled A. B. C, and D on the graphs are for k d values of 0.05. 0.02. 0.005. and 
0.0005 IT 1 , respectively. Other biokinetic constants used in the calculations were Y, = 0.6, 
Umax = 0.5 h“'. K s = 75 mg/L. 
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Figure 6-30 Flow diagram for a completely mixed reactor with cell feedback. Dashed lines show 
the boundary of the system for which the mass balances are written. F« = aF\ X R = cX. 


(clarifiers), but for other continuous growth processes, any of the separation 
devices cited may be used. Settling is less costly, but it is effective only for 
flocculated cells. If the cells remain as individuals and do not clump together 
into floe particles, settling alone cannot be used because the wet weight of an 
individual bacterial cell is approximately 10“' 2 g, and such biocolloids will not 
settle. Regardless of the means of separation, the end result is one stream of 
fairly clarified effluent and one of thickened or concentrated cells. In the flow 
diagram, a portion of the thickened cells, usually in the underflow, is returned 
to the reactor. This feedback of cells has very important effects on the kinetic 
behavior of the system, because, as will be shown later, cell feedback lowers 
the specific growth rate /a. 


Recycle systems using c as a control parameter The equations to be developed 
first are those according to Herbert (1956). It can be seen from the flow 
diagram that recycle offers, in addition to dilution rate D, two other variables 
with which to control the system. These are the hydraulic recycle ratio a, 
which is the ratio of the cell recycle flow F R to the feed flow F, 



(6-56) 


and the recycle cell concentration factor c, which is the ratio of cell concen¬ 
trations in the recycle X R and in the reactor X : 


c 


Xr 

X 


(6-57) 


Practicable values of a are less than unity, and values of c are greater than 
unity. 
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The predictive equations in X and S e are again developed by writing 
material balances around the process. In Fig. 6-30, there are two boundary 
envelopes, one around the growth process (the bioreactor) and one around the 
cell separator. It should be emphasized that the equations are to be derived 
for describing the biological process of growth and substrate utilization, not 
cell separation. The latter is a separate unit operation and should be treated as 
such. Some engineers hold that the envelope should include both the growth 
reactor and the separator; the biological treatment plant is considered as a 
joint unit process-unit operation. However, the growth equations predict X 
and the soluble substrate S e . There is no model to predict the concentration of 
cells in the effluent X e when simple sedimentation is the separation operation. 
It is well known that in the clarifier overflow there is, in addition to S e , some 
small amount of suspended matter, i.e., some cell concentration X e , due to 
the fact that the settling tank is not 100 percent efficient. Both S e and X e 
constitute organic pollutants. The only thing that the engineer can do in regard 
to X e is to try to hold it as low as possible. 

Generally, when one is designing a system to meet a specific effluent 
requirement, it is good practice to assume a reasonable value for X e (often 
this value is stipulated as an effluent requirement) and then control S e by 
manipulation of the control variables D, a, and c, so that the overall organic 
loading in the clarifier overflow does not exceed the effluent requirement. 
Since S e is the only effluent characteristic that can be controlled and predicted 
by the model equations, the material balance equation is correctly written 
around the bioreactor. Also, if one were to write a total mass balance that 
included both the reactor and the clarifier, the recycle line would not be cut 
by the boundary envelope (see Fig. 6-30), and the resulting equations would 
not include the control parameters a and c; thus, they could not be used to 
control the process. Therefore, while it may simplify the equations somewhat 
to write balances around the whole process, it is wrong to do so from both the 
microbiological and the engineering points of view. It is important that the 
environmental technologist be left free to solve individual but related prob¬ 
lems. From a purely microbiological point of view, the challenge is to 
understand the mechanisms and factors controlling autoflocculation of the 
biocolloids in the reactor; from an engineering standpoint, the challenge is to 
control or artificially enhance flocculation or to devise better means than 
simple sedimentation for separating the cells and the purified liquid. Mass 
balance equations for various conditions of operation are developed below. 

Case a: k d = 0, S R = S e Assuming k d is negligible and S in the recycle is equal 
to S e , the mass balance for X is: 

V = (aF)(cX) + V/U.X — (1 + a)XF (6-58) 

at 

inflow growth outflow 
(recycle) 
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The mass balance for S is: 


V 


dS 

dt 


FSj + aFS e - 


IxXV 

Y, 


F( 1 + a)S e 


(6-59) 


inflow recycle utilization outflow 

Making the same assumptions and proceeding the same way as for the 
once-through system, the mass balance in X yields the following equation: 


q = D(1 + a — ac) 


(6-60) 


It is seen that q is no longer equal to D but is decreased by the recycle factor 
(1 + a — ac), i.e., by the combined effects of the recycle flow ratio and the cell 
concentration ratio. As before, the Monod relationship [Eq. (6-23)] is sub¬ 
stituted for q and the equation is solved for S e : 


S e = _FE^_ 

A^max fJ' 

Substituting the value of q from Eq. (6-60): 

„ _ K S D( 1 + a — ac) 
fimax~D(l + a -ac) 

Solving the mass balance for substrate for X: 

x _ Y,D(S, - S') 

F 


and 


Y,D(S, - S e ) 
D( 1 + a — ac) 


(6-61) 

(6-62) 

(6-63) 


or 


Y,{Si - S e ) 

1 + a — ac 


(6-64) 


Equations (6-60), (6-61), and (6-64) are very much like their counterparts 
for the once-through systems [Eqs. (6-28), (6-35), and (6-38)] except for the 
factor (1 + a — ac). It should be pointed out that there is a limiting relationship 
between a and c. While these are selectable parameters for controlling q and 
thus S e and X, there is a practical limit to the freedom of selection. For 
example, consider the consequences of selecting a = 0.25 and c = 5. In this 
case (l+a-ac) = 0 and the equations are not applicable. In like manner, the 
term can never be a negative quantity. From the example above, if c were to 
be greater than 5, a would have to be less than 0.25, and if a were greater 
than 0.25, c would have to be decreased to keep the term from going to 0 and 
negating the practical use of the equations. 

In activated sludge processes, values of a usually range between 0.25 and 
0.50. The concentration factor has not been consciously considered as a 
control parameter in engineering design by most designers, but one can 
estimate an average value of c by considering how much settling and 
compaction of biomass one can generally expect (or hope for) in the settling 
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tank used as the cell separator. In general, if the value of X entering the 
clarifier is neither unusually low nor high, i.e., if it ranges between 2000 and 
3000 mg/L, a well-flocculated and settling biomass can be expected to com¬ 
pact itself four- or fivefold in the clarifier. Thus, usual values of c will be 
slightly less or greater than 4; values of X R will generally range between 8000 
and 15,000 mg/L. It should also be apparent that there is a practical limit on 
the control one can exert on n by manipulating a and c. One can control p. by 
all three selectable parameters, D (i.e., 1 It), a, and c, when designing or sizing 
the reactor. But after making the reactor a particular volume, thus fixing D 
for any particular value of feed flow F, only the parameters a and c remain 
available as selectable parameters in the operation of the reactor. The ability 
to operate the reactor to control microbial growth is of equal or perhaps even 
greater importance than is the design of the reactor. 

These ways and means of controlling growth are, of course, not available 
during operation if the pumps, conduits, and other facilities do not have the 
capacity and/or flexibility to allow the exercise of judgment and selection. 
When dealing with laboratory reactors, if the experimenter finds that the final 
process setup is not satisfactory, he or she can make another reactor, change 
the pumps, or use different size tubing without too much loss of time and 
money. However, when millions of dollars are spent to contruct large-scale 
reactor systems that are not operationally flexible, much of the financial 
resource is lost and may not be replaceable if changes in the design are 
needed. There is, of course, the important question of accountability to be 
considered. For these reasons, it is wise to allow for operational flexibility in 
the design and construction of the process system. This may take such forms 
as the use of oversized conduits and variable flow pumps, or provision for 
adding flocculating chemicals to the reactor when needed. 

Case b: 0, S R = S t Including k d and assuming that S in the recycle is equal 

to S in the effluent, the mass balance for X is: 

V = (aF)(cX) + VfiX - Vk d X - (\ + a)FX 
inflow growth decay outflow 
(recycle) 

The mass balance for S is: 

V^= FSi + aFS e -^ -(1 +a)FS e 

at r r 

inflow inflow utilization outflow 
(recycle) 

Solving these equations as before: 

ju. = D(1 + a — ac) 4- k<i 

c _ jUgj 1 + <* ~ ac) + k d ] 

Mmax - [D( 1 + a - ac) + k d ] 


(6-65) 

( 6 - 66 ) 

(6-67) 

( 6 - 68 ) 
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X = 


Y t D(Sj-S e ) 

D( 1 + a — ac) + kd 


(6-69) 


The specific growth rate /u. is controlled by four parameters [Eq. (6-67)]: 
kd, a property of the biomass, and D, a, and c, which are control parameters 
selected by the designer and operator of the process. 

Although not readily apparent in the final equations, fx is also controlled 
by the Monod equation [Eq. (6-23)], which was used in deriving the model 
equations. This relationship between fx and S e is an essential ingredient in the 
“theory” of continuous culture. The biological constants K s and /u. max affect 
the value of S e [Eq. (6-23)], S e affects the value of X, and X affects the value 
of /x [Eqs. (6-57), (6-68), and (6-69)]. Thus, all of the factors are interrelated in 
the simultaneous solution of the mass balance equations in X and S. 

Up to this point, we have examined two cases with the difference being 
the inclusion or omission of the effect of the maintenance or autodigestion 
constant k d . In both cases, it has been assumed that S e in the recycle was the 
same as S e in the effluent. This assumption is a reasonable one, but over a 
wide range of dilution rates, as will be seen later, S e is so low that it can be 
neglected. Also, although not designed to remove soluble organic substrate, 
the separator may actually remove a small amount; thus, S e may be smaller in 
the recycle line than in the effluent. For example, in an activated sludge 
process, it is not unreasonable to surmise that small amounts of soluble 
substrate will be removed in the clarifier or settling tank. If actively metabol¬ 
izing cells growing in the aeration tank are put into the clarifier, they will 
continue to be metabolically active in the separator. One can reason that, 
once in the clarifier in the absence of active aeration, they will cease using 
substrate, but this is more hope than reality. Many of the species constituting 
an activated sludge are capable of anaerobic metabolism. This fact can cause 
operational problems, e.g., gasification and flotation of previously settled 
sludge (rising sludge), but the facultative nature of many of the organisms in 
activated sludge is not without its merits. One can imagine the consequences 
of retaining strictly aerobic organisms for 1 to 3 h in an oxygen-deficient 
environment. The cells may die and there would be little reason for recycling 
them. The aim, of course, is to remove the substrate in the aeration tank; thus 
there should be little substrate to be oxidized in the clarifier. 

For practical purposes, one might write the mass balances to describe the 
process (over the practical range of dilution rates) on the assumption that S e 
in the recycle is negligible. Mass balances and model equations for these 
cases are summarized below. 


Case c: k d = 0, S R = 0 Neglecting k d and assuming that S in the recycle is 0, 
the mass balance for X is the same as Eq. (6-58), and for substrate the same 
as Eq. (6-59) except that the recycle term is 0. The resulting equations for fx, 
X, and S e are: 


ix = D(1 + a — ac) 


(6-60) 
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Y t D{S,-(\+a)S'l 
D(\+a-ac) 

_ K S D( 1 + a -ac) 
e Mmax- D(\ + a -ac) 


(6-70) 

(6-61) 


The only difference between these equations and those for case a is the 
substrate removal term in the numerator of the equation for X [compare Eqs. 
(6-63) and (6-70)]. 


Case d: k d ^ 0, S R = 0 


/x = D( 1 + a — ac) + k d 

Y,D[Si-(\+a)S e ] 

D(l + a-ac) + k d 

K s [D(l + a - ac) + k d ] 
Mmax - [D( 1 + a - ac) + k d ] 


(6-67) 

(6-71) 

( 6 - 68 ) 


Comparison of cases a, b, c, and d To this point, four sets of conditions have 
been examined for recycle systems using the Monod model and Herbert’s 
original treatment (case a) of selectable, controllable variables D, a, and c. 
The original model was adjusted for maintenance by the inclusion of k d and 
for operational conditions when S in the recycle could be considered to be 
negligible. 

Mathematical models of processes or systems are useful because they 
permit one to assess the effect of changes in various selectable parameters, 
biomechanical constants, and inputs on the resulting outputs, e.g., S f and X. 
For present purposes, it is interesting to compare the effects of the different 
assumptions made in cases a, b, c, and d. Figure 6-31 shows the effect on X 
and S e of various values of D for all four cases. Over a wide range of dilution 
rates, there is little difference in the curves for X whether one includes or 
omits consideration of the amount of substrate 5 in the recycle. There is 
even less difference in S e , because the inflowing substrate concentration has 
no effect on S e according to Eqs. (6-61) and (6-68). 

The value of S-, used in this example was 1000 mg/F. However, common 
sense tells one that as D is increased to the dilute-out value, S e can never be¬ 
come equal to S, if the recycle flow is assumed to have no substrate. The fact 
that it has been assumed that there is no substrate in the recycle should allow 
Si to rise only to a value of S,[F/(F + oF)], as seen in the figure for cases c and 
d. The equations for X were different for all four cases, and the effect of this 
difference on the numerical values of X has little numerical significance for 
the values of the biological constants and the engineering constants used in 
the example. Inclusion or omission of k d has the same general effect on X as 
it has for the once-through system. The effect of recycle can be appreciated 
by comparing the graphs for recycle cases a, b, c, and d with the dilute-out 
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Dilution rate. D = 1/r. h 1 

Figure 6-31 Comparison of dilute-out curves for cases a. b. c. and d in cell recycle systems and 
once-through systems with and without considering cell maintenance. Case a: kj = 0. Sr - S e . 
Case b: k d ^ 0. Sr = S t . Case c: k d = 0. Sr = 0. Case d: k d * 0. S R = 0. Assumed values: biokinetic 
constants: *x max = 0.5 h' 1 . K s = 75 mg/L, k d = 0.005 h' 1 . Y, = 0.6. Engineering parameters: a = 
0.25. c = 4. 


curves for a once-through system (Fig. 6-28) replotted in the lower left portion 
of Fig. 6-31. The same biomass kinetic constants were used for both plots, so 
the effect is due solely to recycle, i.e., to operational control, not to any 
change in the microbial population. It is still true in the recycle system that 
cells will be washed out when /a approaches pt max . However, in the recycle 
system, /x is no longer equal to D as it was in the once-through system. If one 
calculates /x, for example, at D = 1.5, which is three times higher than /x max , 
it will be found that the actual ^ for the system is much less than 
/x max . Also, one can calculate the dilution rate at which the washout of 
cells occurs in the same manner as was done for the once-through system. It 
is apparent that cell recycle allows operation at higher dilution rates (lower 
mean hydraulic retention times) because cell recycle depresses the value of /x. 
It is also apparent that S e approaches 0 asymptotically as /i is decreased. 
Thus, lower specific growth rates give lower values of S e . Hence, from a 
standpoint of biological treatment of wastewaters, cell recycle has obvious 
advantages. Indeed, it has other advantages that will be made apparent later. 

Experimental behavior of cell recycle systems Model equations are useful only 
when they relate to experimental observations by providing an adequate 
prediction of results. Results from rather extensive tests to determine whether 
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Figure 6-32 “Steady state” growth of heterogeneous microbial populations in a cell recycle 
system operating in accord with the model of Herbert. S, = 1000 mg/L of glucose, £> = 0.33hr', 
a = 0.25, c = 1.5. (From Ramanathan and Gaudy, 1969.) 


laboratory systems could be run and results predicted in accordance with the 
foregoing recycle equations using heterogeneous microbial populations in¬ 
dicate that the equations are valid, but the results permit only a qualified 
endorsement of their use for designing or predicting the behavior of activated 
sludge systems processing soluble organic matter (Ramanathan and Gaudy, 
1969, 1971). 

Figure 6-32 shows an example of the type of results obtained with 
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heterogeneous microbial populations in continuous growth reactors using the 
parameters of Herbert’s model. After the first 20 days, c (the ratio of recycle 
solids to reactor solids) was maintained fairly constant at the value selected 
for this particular run (c = 1.5). However, the biomass concentration was 
obviously not in a steady state condition. The values for S e (see lower graph) 
as measured by carbohydrate (anthrone test) were fairly steady. There was 
considerable fluctuation in S e as measured by soluble COD in the effluent, but 
it is the unsteadiness in X that causes concern about the utilization of 
Herbert’s model equations for the description of the growth of heterogeneous 
populations. As explained for the once-through system, fluctuations in X can 
be attributed to changes in the value of cell yield Y, due largely to changes in 
the predominating species. Once can imagine the operational difficulty 
encountered in trying to keep c constant. Each time a change is noted in X, 
there must be a corresponding change in X R in order to satisfy the boundary 
conditions stated in the derivation of the model equations. Also, the require¬ 
ment to hold c as a system constant prevents the self-correcting feature, 
previously described in once-through systems, from returning the system to a 
steady state. For example, let it be assumed that during operation a slight 
increase in X is noted. In the once-through system the increase in X would 
cause a slight depression in the substrate concentration S e in the reactor, 
which in turn would cause a decrease in /x. The decrease in /x would then 
cause a decrease in X, returning it to the previous value. Consider now the 
sequence of events and consequences of a slight increase in X in the recycle 
system. To keep c constant, there would have to be an increase in X R . Rather 
than causing a quick return to a lower value of X, the higher X R increases X 
still more, driving it further from the previous value. 

Obviously, when the real situation in nature departs more than very 
slightly from one of the assumed conditions in the model (the assumption that 
a steady state in X will exist), the theoretical equations may need some 
adjustment in order to be applicable. Alternatively, some change in the 
operation of the process might make the assumed conditions hold true. Even 
with the variation from the steady state shown in Fig. 6-32, when the data for 
a number of similar experiments at various dilution rates are averaged and 
compared with values predicted using the model equations, there is fairly 
good agreement between predicted and average observed steady state results 
(Ramanathan and Gaudy, 1969). Thus, one can validly conclude that these 
equations can be used to design and predict the performance of systems using 
heterogeneous populations. However, the observed unsteadiness in X and the 
failure of the model to provide a way to correct it, coupled with the 
operational difficulty of maintaining c as a system constant, would seem to 
dictate a need to modify this system and the model equations for use with 
heterogeneous microbial populations. Thus, while the kinetic equations of 
cases a, b, c, and d are very useful in many industrial fermentation ap¬ 
plications using pure cultures or mixtures of specific species, some 
modification is called for in modeling for the environmental application of 
biological wastewater treatment. 
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Recycle systems using X R as a control parameter The realization that c is not a 
satisfactory control parameter surely does not warrant discarding the theory 
of continuous culture, especially when it has been shown, even with the 
problems thus far cited, to provide a reasonable prediction of the observed 
data. If c is not a satisfactory control parameter, it is necessary to consider 
another control. The recycle cell concentration X R is the most logical choice. 
If this change in the model is made, two practical consequences must be 
considered. First, what changes, if any, would this cause in the model 
equations? Second, can X R be held as a selectable control parameter in the 
operation of the system with more or less ease (or difficulty) than c? The 
ultimate question, depending on the answers to the first two, is: Can the 
equations based on constant X R be used to design and predict the behavior of 
a biological treatment process such as activated sludge? 

One approaches the derivation of the equations in the same manner as for 
cases a, b, c, and d using c as a control parameter, with the exception that X R 
in the fraction X R /X, rather than c, is inserted into the balance. The recycled 
cell mass is no longer ( aF)(cX ) but becomes (aF)X R \ that is, X R is no longer 
dependent on X. This leads to very different equations for X and S e when one 
proceeds as before through the simultaneous solution of the mass balances in 
X and S. Also, it makes the recycle cells totally independent of the growth 
system, although they are assumed to have the same values of p. max , K.„ Y„ 
and k d . These considerations require further discussion. 

Table 6-4 shows the equations for cases a, b, c. and d, using X R as a 
control parameter. For purposes of comparison, the equations using c as a 
control parameter are also shown. One notes that holding X R independent of 
X complicates the solution of the system of simultaneous equations, leading 
to a quadratic form. While these equations are somewhat more complex than 
those using c as a control parameter, they do permit one to see the full web of 
interrelations among the factors that affect X and S e . Now S e is affected by S,. 

Comparison of models using c and X R as control parameters For reasons 
described below, the equations for case d (including k d and neglecting S in 
the recycle) [Eqs. (6-75), (6-80), and (6-81)] appear to be the ones most useful 
for the design and analysis of systems with heterogeneous populations, e.g., 
activated sludge processes. Thus, in order to compare the washout behavior 
of this model with that of Herbert, only case d is plotted in Fig. 6-33. In this 
figure, curves labeled a and b are reproductions of those for the once-through 
system and case d using c as a system constant from Fig. 6-31. Curves labeled 
c are those calculated using X R as a control parameter [Eqs. (6-80) and (6-81)] 
with X R at 10,000 mg/L. Perhaps the most striking difference between curves 
b and c is that curve c shows greater resistance to washout as the dilution 
rate is increased. This apparent increased stability at high dilution rates arises 
due to the assumption of constant X R . The use of X R as a system constant 
constitutes a rather basic difference in approach compared with that using c 
as an operational parameter. The mathematical consequences of carrying the 
fraction X R /X along in the derivation of the equations with X R as a constant 
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Table 6-4 Comparison of steady state kinetic equations according to the models of Herbert and of Gaudy and 
coworkers for predicting behavior of continuous-flow recycle systems 


c = as control parameter 
A 

(Herbert) 


X K as control parameter 
(Gautly) 


Case a 


= 0 

fji = D(1 + a — ore) 

(6-60) 

p. = D(l+a-a^) 

(6-72) 

SV = s,. 

0 K,D(1+a-ac) 

(6-61) 

„ -b ±X / b 2 -4ac 

(6-73) 

fXmux — D( 1 + a — ac) 

S ' ~ 2 a 


Y.rxSi-s t ) 

D( 1 + a — at) 

(6-63) 

a =-£=2--D 

r-wx-Kd-f^s^) 





c = K,DSi 





x Y,(S, - S’,) + aX K 

1 + a 

(6-74) 

Case b 





k,i 7 s 0 

p = D( 1 + a — ac) + k,i 

(6-67) 

p = D^l +a -a~^ + fa 

(6-75) 

* 

II 

c/a 

„ K,|/J(l +a —ac) bkj] 

(6-68) 

-b ±y/b 2 -4ac 

(6-76) 

" Pm»x — fD(l + a — ac) + k,j| 

S< ~ 2u 


y,D(S, - 5 ,.) 

D( I + a — at) + k,i 


( 6 - 69 ) 


f^nvAX .■» o,/ 

a ~ - - D - - - 

1+ a 1 +a 


b = D(S, - K s )+ -^-(S, - K,) 
1 + a \ Y, / 1 + a 


c = K,DS, + , K -—S’ 

1 + O' 
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(6-77) 


Y,(S,-S,.) t «X„ 
I I <r t (kJD) 


l)( 1 1 o - «<■) 

(6-60) 

KJ)( 1 t « <«■) 

(6-61) 

fJL „„,X -/)(!+«- or) 

Y,D\Si (1 t a )S r | 

(6-70) 

0(1 \ oc ace) 


Case d 


k,i / 0 /Lt = /)(1 + o - or) + k,i 

(6-67) 


K s [ D( I I (i - w ) + ft,/1 
Mmiix - |D(I + « • or) t k,i\ 

TO (17o),S',l 

/7( 1 + o — «<) + (i,i 


( 6 - 68 ) 

(6-71) 


M = »( l+«-«^) 

,, _ -/> ± \/b 2 -4ac 

2d 

<1 ~ Mmax "(I * o )/) 


(6-72) 

(6-78) 


/> /OUS'-d f«)K,|--^(Si +^) 

c = K./AS’, 

x v -l- s ' ~ < 1 f (»KSV| + (»X k 


(6-79) 


(6-75) 

(6-80) 


^ Mnwx (l o? )0 k,i 

<• = KJ)S, + - k, ‘ K,Si 
1 + « 

_ V , I -S, ~ (I h«)S,.| + «X H 
I + « + ( kJD ) 


M = />(l + « “«^r) 4 *■' 
„ -b ±X/b 2 - 4(ic 

2ii 


(6-81) 
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Figure 6-33 Comparison of dilute-out curves for (a) once-through systems, (b) recycle systems 
according to Herbert (with k d *0, S R = 0), and (c) recycle system according to Gaudy and 
coworkers (with k d * 0, Sr = 0). Assumed values: biokinetic constants: |U. max = 0.5 h' 1 , K s = 
75 mg/L, k d = 0.005 hf 1 , Y, =0.6. Engineering parameters: ( b ) a =0.25, c = 4, (c) a = 0.25, 
X R = 10,000 mg/L. 


rather than c are readily apparent from a comparison of Eqs. (6-67), (6-68), 
and (6-71) with Eqs. (6-75), (6-80), and (6-81). However, is is well to consider 
the physical and biological significance of such a decision. 

When one uses c as a constant, X R is related to and made dependent on 
the value of X; but if X R is the operational constant, X is related to and made 
largely dependent on the value of X R at all but extremely high values of Si. 
Since X R is a constant, the lowest value to which X can be calculated is that 
which would exist when there is no contribution to X from growth. In 
Herbert’s model, this washout value is quite naturally 0. However, if X R is 
constant, the lowest value to which X can fall is that concentration cor¬ 
responding to simple dilution with the waste flow. That is, X can fall to a 
concentration of [a/(l + a)]X R ; in the example given here, the dilute-out value 
of X is 2000 mg/L, i.e., 10,000x0.25/1.25. Even at the high D of 2.5 h' 1 , this 
value of X has not been approached in curve c, whereas the washout value 
for curve b is slightly greater than 1.8 h' 1 . In a physical sense, the assumption 
is that one can obtain recycle solids from a source of cells that is not 
necessarily associated with the growth reactor. This assumption may not be 
entirely satisfactory from a theoretical point of view in regard to making 
models to describe the upper boundary conditions for growth in a system. 
However, from a practical engineering point of view, one would never 
contemplate using values of D so high (or t so low) that the system itself 
would not be able to produce the cells needed for X R . Quite to the contrary, 
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unless one wishes to use the system to produce cells, the aim is to make the 
cells grow slowly in order to produce as few cells in excess of those needed 
for recycling as is feasible. Production of large quantities of excess sludge is 
objectionable, because this sludge (at least for the foreseeable future) 
represents a waste product of the treatment process, and the mass rate of cell 
production increases as D increases (up to values where cell dilute-out 
becomes very rapid). Very high values of D are undesirable for other reasons 
as well; the most important of these involves consideration of shock loadings 
to the system, which will be discussed in Chap. 13. 

It is apparent from Fig. 6-33 that for the reasonably attained values of X R 
and c chosen in the example, both models yield similar behavior of S e over a 
wide range of D values (i.e., below D — 1.0 h _1 or above t = 1 h). The curve 
for S e can be lowered or raised by changing the value of X R or c. Increasing 
either X R or c will give lower values of S e and higher values of X. There is, of 
course, a practical limit to the values of Xr or c that one can choose; X R 
values greater than 15,000 mg/L are not easily obtained without the addition 
of some sort of sludge-thickening process. Since one’s ability to operate the 
system is dependent on the physical ability to obtain the recycle cell concen¬ 
tration selected, it seems well to fix X R rather than c by design. What is a 
practical upper value of c? As previously noted for a =0.25, c cannot be 
greater than 5 because this would make p. = 0, which is the lower boundary of 
Herbert’s growth model for cell recycle systems. However, one can calculate 
values of X and S e for values of c between 4 and 5. If, for the conditions 
assumed in Fig. 6-33, c were 4.75 rather than 4, the curve for S e would be 
even lower than the one shown, and the curve for X would yield so much 
higher values that this value of c would be impractical. For example, at 
D = 0.5 hf 1 , the calculated values of S e and X are 5.86 and 8215 mg/L, 
respectively. To obtain this value of X, maintaining c at 4.75 requires an X R 
value of nearly 39,000 mg/L, which is outside the realm of practical pos¬ 
sibility. If c were 4.25, X would be 2967 mg/L and X R would be 12,600 mg/L, 
which is close to the upper limit generally attainable without special thicken¬ 
ing procedures. 

It is also of interest to compare the models as D is decreased. At high D 
values, the lowest possible X value for curve c was 2000 mg/L, but as D is 
lowered, the biomass curve goes through the 2000 mg/L level. This behavior 
has considerable significance. As with the high D end of the curve, attainment 
of X = 2000 mg/L signifies a dilution rate at which there is no net growth of 
cells. At the high D values, the flow-through of liquid is so fast that washout 
is approached, but at the low values of D, growth is so slow that it can be 
balanced by the cell maintenance or cell decay rate k d \ 

M =D(l+«-a^) + /c d (6-75) 

ju. = ju.„ + k d 

As fi n approaches 0, n approaches k d . 


(6-45) 
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The dilution rate at which ix = k d can be calculated using Eqs. (6-23) and 
(6-80). The value of S e corresponding to /a = k d (0.005 day -1 in this example) is 
obtained from Eq. (6-23), and this value is substituted into Eq. (6-80), which is 
then solved for D. For the biomass constants, operational conditions, and S, 
of this problem. D = 0.0167 h“‘, i.e., t = 60 h. Thus, an extended period of 
aeration is needed in order to operate a system at p. n = 0, i.e., a condition of 
no excess biological sludge production due to growth of organisms in the 
reactor. 

The model also allows a negative specific growth rate. Below the value of 
D that yields /a = k d , the term a(X R /X) in Eq. (6-75) becomes greater than 
(1 + a) because of the lowering of X in accordance with Eq. (6-81). Thus, the 
model allows the system to function both as an aerobic sludge digester for 
cells extraneous to the system and as a growth reactor and autodigester of 
cells. The boundaries of calculational possibilities cover the gamut of aerobic 
metabolic applications from aerobic digestion of sludge, to extended aeration, 
to high rate activated sludge. Such unified applicability of the theory of 
continuous culture is not readily possible using c as a control parameter. 
Again, considering Eq. (6-67), the only way p. can equal k d (i.e., the /x„ term 
approach 0) is to let D approach 0, because c and a are constants. Thus, the 
Herbert model is not applicable to a situation in which /a.^0 unless F-»ae. 
The biological possibility and likelihood of total decay of previously syn¬ 
thesized cellular material is a rather controversial subject and will be dis¬ 
cussed later. The point emphasized here is that if such a mode of operation is 
possible, the model using X R as a system control parameter provides a ready 
quantitative estimate of the kinetic relationships that predict no excess sludge 
production, whereas the model using c as a system constant does not readily 
facilitate this. 

Dependence of S e on S t It is important to analyze another difference between 
the model equations that arise as a consequence of using X R rather than c as 
an operational engineering parameter. The theory of continuous culture 
predicts S e independently of S„ e.g., Eq. (6-35) or (6-43) for once-through 
systems and Eq. (6-68) for cell recycle systems. However, when X R is used as 
a control parameter, S e is dependent on S, [see Eq. (6-80)]. 

There are two major concerns in considering relationships between S,- and 
S e . The first involves the measurement procedure for S as well as the nature 
of the biomass. The general kinetic concepts of continuous culture were 
developed on the assumption that S represents a specific concentration of a 
specific nutrient being fed to the system, and that the biomass constants are 
specific for a single species being grown. Such items of practical importance 
to environmental engineering science as leakage of organic matter from the 
cells, production and elaboration of intermediates and end products, and 
protozoan and crustacean excrement are not considered in the theory of 
continuous culture. Of necessity, we try to measure organic pollution with an 
“umbrella type” of measure such as COD, TOC, TOD, ACOD, ATOD, or 
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ATOC. Also, we attempt to measure organic substrates by the BOD test, 
which was previously mentioned and is yet to be discussed. When one feeds a 
compound known to be readily metabolized and uses COD,- as a measure of S,- 
and COD e as a measure of S e , it is often found that COD e increases for high 
values of S, at constant values of D or /u. If one feeds a single compound as 
carbon and energy source, usually only traces of the original compound can 
be found in the effluent, provided the value of /u or D is not so high as to put 
the system in the area of rapid washout. 

We have noted over a period of many years of gathering data that during 
the growth of heterogeneous microbial populations on a readily available 
carbon source, there is a tendency, especially in once-through reactors 
operated at the same value of D, for the percentage removal of COD to 
remain constant at approximately 95 percent over a fairly wide range of 
values of S,-. At rather low values of S ; there is a tendency for the percentage 
of COD removal to decrease. These findings appear to hold true provided that 
the carbon source and nothing else, neither nutrients nor environmental 
conditions, limits growth and metabolism, and provided the pH and tem¬ 
perature are held fairly constant. This means that COD e (S e ) rises ap¬ 
proximately in a linear fashion as CODffS,) is increased. Usually only traces 
of the original compound can be found in the filtrate. Thus, one may expect to 
find slightly different results depending on the measurement used to assess S. 
Whether the increase in S e with increased S, is due to the nature of the 
method used to measure S or to the heterogeneity of the microbial biomass, 
or both, cannot yet be stated with certainty. Some microbial kineticists have 
challenged the theory of continuous culture on the matter of constancy of S e 
with increasing S,. One possible way in which S, could increase with S,- at a 
given specific growth rate, ju or D, would be if the value of K s were not 
always constant but increased with increasing S, values (see Fig. 6-25). Both 
Contois (1959) and Fujimoto (1963) have presented such an argument, while 
others argue that deviations from “theory” are due to mixing effects (e.g., see 
Herbert et al., 1956; Tempest, 1968). Grady et al. (1972) found that for the 
pure cultures they examined (Aerobacter aerogenes and Escherichia coli) 
growing on glucose in a once-through reactor at S,- values of 500, 1000, and 
1500 mg/L, the S e values measured by a specific test for glucose were 
constant over the range of S; values, in agreement with theory. However, for 
S e measured as COD,,, there was an increase in S e for increasing values of S,. 
When heterogeneous microbial populations were grown in the same manner, 
there was an increase in S e regardless of the test used to assess S e (Grady and 
Williams, 1975). Radhakrishnan and SinhaRay (1974), in studies with Bacillus 
cereus growing on phenol in a once-through reactor, observed that values of 
S e rose linearly (i.e., the percentage removal was constant) for the three 
values of S ; used, 200, 400, and 800 mg/L of phenol, in opposition to the 
theory of continuous culture. Phenol does present a somewhat different case 
than a substrate such as glucose because it is an inhibitor as well as a 
substrate (see Chap. 10). 
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From the data available, the kinetic mode of increase of COD e with 
increasing COD; cannot be stated, because massive amounts of data are 
needed before trends can be expressed in the quantitative manner needed for 
engineering prediction with heterogeneous populations. Usually small 
amounts of data lead to either a straight-line or a first-order relationship, 
which may be more characteristic of the mode of thinking of engineering 
scientists than of the kinetic mode of the data. About all that can be said at 
present is that the work in our own laboratories, coupled with the results cited 
above and the more recent results of Grady and Williams (1975), indicate that 
with heterogeneous populations and readily metabolized carbon sources, one 
can expect COD,, to increase with S,. If the percentage removal of COD 
remains fairly constant over a wide range of S, values, the doubling of S, 
would be expected to lead to a doubling of S e . 

A rise in the amount of soluble organic matter in a reactor effluent with 
increasing concentrations of S, is rather important in view of the increasing 
need for fine-tuning the control of the quality of effluents from biological 
treatment plants. It may prove far more cost-effective to invest monies and 
effort in gaining understanding for the purpose of controlling and reducing 
COD f , or TOC e , than to let the process tune itself, as it were, and to rely on 
expensive add-ons, e.g., activated carbon or other tertiary treatment proces¬ 
ses, to meet future effluent standards of allowable organic content. Also, the 
nature and environmental fate of this effluent substrate need further con¬ 
sideration. Such considerations relate to organic assimilation capacity in the 
natural water courses receiving treatment plant effluents and also to socio- 
technological decisions in regard to the desirability of using this assimilation 
capacity (see Chap. 10). 

The second important consideration here is some analysis of the reasons 
for the independence of S e and S, in continuous culture theory, and the 
dependence of S e on S, in the practical modification of the theory that uses X R 
as an operational parameter. In a once-through system, S e does not rise with 
Si because cell yield is “constant” and X rises as increases; S e is affected 
only by factors that affect ^. The recycle equations operate in the same way 
because c is a constant, and X R must vary proportionally with X; that is, X R 
is not independent of X, and S e is dependent on the values of the biological 
and engineering constants and is thus fixed once the selectable constants are 
fixed. However, for the equations using X R as an independent control 
parameter, X R is no longer required to keep pace with the increase in X due 
to growth on an increased S,-, and this is reflected in an increase in S e . 

It is interesting to examine the changes in S e with S,- for the model using 
constant X R . Figure 6-34 shows the relationship among S e , X, and S„ and 
compares the behavior of S e and X with X R and c as operational parameters. 
For constant X R (upper portion of the figure), S e increases at an ever- 
decreasing rate as X R increases, whereas X increases linearly with Si. For the 
operational conditions noted in the legend, S e appears to be approaching a 
constant value asymptotically. The values in parentheses along the plot of X 
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Influent substrate. S,. mg/L X 10 3 


Figure 6-34 (Top) Effect of S, on steady state values of X and S, for the model according to 
Gaudy and coworkers, using X R as an engineering control parameter. See Eq. (6-81) for X and 
Eq. (6-80) for S,. (Bottom ) Effect of S, on steady state values of X and S e for the model 
according to Herbert, using c as an engineering control parameter. See Eq. (6-71) for X and Eq. 
(6-68) for S t . Assumed values: X R = 10.000 mg/L, c = 4. a = 0.25, = 0.5 h _I (12 day" 1 ), K, = 

75 mg/L, Y, = 0.6, k d = 0.005 h" 1 (0.12 day"'). 
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are the values of c at S, values of 500, 5000, and 10,000 mg/L. With X R 
constant, the value of c decreases as S, increases. That is, the proportion of X 
contributed by X R diminishes and the system functions more and more like a 
once-through system that, in accord with the theory of continuous culture, 
would approach a constant value of S e with respect to increases in S,-. 

In the lower portion of the figure (c constant), S e remains constant at any 
value of Si, and X increases linearly. In this case, X R varies and the values in 
parentheses are those for X R at S, values of 500, 5000, and 10,000 mg/L. The 
values of X R needed to keep c constant soon would become so high as to be 
unattainable by ordinary means of separation and thickening of the cells. 
Thus, if S e were to be made independent of S, by operating with c constant, 
one would soon have difficulty trying to increase X R sufficiently to keep c 
constant and keep X at the level demanded by the equations. 

From the upper graph of S e , it is seen that at S, concentrations lower than 
2000 mg/L, S e varies nearly linearly with S f . While the equations using 
constant X R offer the additional assurance that the model tends to agree with 
various experimental observations using colligative measures of S e and S,-, 
there is, of course, no guarantee that S e really does increase with S,. Much 
more experimental data are needed to assure the generality of this obser¬ 
vation. Also, it should be clear that the increase in S e as Si increases, which is 
predicted by Eq. (6-80), has no real basis in biological mechanism. It comes 
about only as a consequence of holding X R constant as an operational 
parameter; i.e., it is a mathematical manipulation that has the effect of 
retaining S, in the numerator of the equation for S e . Furthermore, the 
increase in S e for the higher values of S, predicted by Eq. (6-80) is not 
inconsistent with the theory of continuous culture which states that S e 
remains constant because jx remains constant [see Eq. (6-67)]. However, 
when one holds X R constant, rather than c, X remains in the denominator. As 
always, an increase in S ( causes an increase in X, which in effect reduces c, 
which is no longer used as a control parameter. The corresponding decrease 
in the ratio X R IX thus increases /a for increased values of S,-. The compensat¬ 
ing increase in /a with S-, leads to an increase in S e so that the relationship 
between S e and /a that was used in deriving the predictive equations, i.e., the 
Monod relationship [Eq. (6-23)], still holds true (Gaudy and Manickam, 1978). 

Any mechanistic relationship describing an increase in the amount of 
soluble organic matter derived from the original substrate in the effluent as the 
amount of feed substrate increases requires both experimental and theoretical 
investigation. From a practical engineering standpoint, the equations using 
constant X R tend to predict or to calculate S e in the right direction with 
respect to various experimental observations of residual COD as S, increases. 
At the current stage of development of kinetic concepts for predicting the 
performance of heterogeneous populations using heterogeneous substrates, 
the fact that the prediction moves in this direction seems to offer another 
argument for using the system and model equations that provide engineering 
control over the biochemical dosage X R . 
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Some practical considerations for design and operation with X K as control 
parameter If one is to use any particular model in design and analysis, it is 
essential to sound engineering practice that one do everything possible to 
accommodate physically the boundary conditions laid down in the model. 
That is, if one assumes a completely mixed reactor in devising prediction 
equations, a completely mixed reactor should be designed. In like manner, if 
X R is to be a constant, some provision for making it constant should be 
included in the design. Certain types of separators can be made to deliver 
desired cell concentrations. However, if one wishes to use a gravity clarifier 
(settling basin), there is no easy way to guarantee that the underflow will be at 
a constant concentration, and certainly no way to achieve the specific con¬ 
centration selected by the analyst or designer. In the future there may be 
changes in the design of clarifiers, or they may be replaced by other separa¬ 
tion operations. One way to retain use of the clarifier while obtaining constant 
X R is to take some of the cells in the clarifier underflow, measure their 
concentration, and then bring the entire required volume of cells (sludge) to 
the desired concentration (by thickening or by diluting) in an aerated recycle 
sludge dosing tank. The recycle flow diagram of Fig. 6-30 could be modified as 
shown in Fig. 6-35. Daily, the recycle cell concentration can be made up to the 
desired X R and continually pumped to the reactor. 

To some who may be familiar with current practices in the design of 
wastewater purification control plants, the idea of controlling the recycle 
sludge concentration is objectionable because it is not now being done, and to 
do so would require an extra cost for construction and operation of the dosing 
tank. Some may feel that there is no need to control the dosage of a 
commodity that is gratuitously generated in the course of operating the 



RECYCLE CELL 
MAKE-UP & DOSING 
TANK 


Figure 6-35 Row diagram of Fig. 6-30 modified by addition of a recycle cell makeup and sludge 
dosing tank for maintaining X R at selected concentrations. X R rather than c is the control 
parameter. 
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system. Also, some may believe that it is operationally difficult to control X R . 
These are important engineering aspects to be discussed. 

If, instead of a biological treatment process, we were dealing with a 
chemical treatment process for purifying wastewater, there would, of course, 
be no question of making an expenditure for chemical dosing and storing 
equipment. It would be obvious that the chemical dosage should be controlled 
because it would be an accepted fact that the dosage controls the quality of 
the effluent. Also, the chemicals used are an expensive item of operational 
cost. In regard to the biological treatment plant, one can be convinced easily 
that the “chemical” dosage (the recycled cells) to this biochemical process 
exerts a controlling influence on the quality of the effluent by calculating 
values of S e from Eq. (6-80) for different values of X R (see Fig. 6-36). It is 
well worthwhile to control this biochemical dosage. It is easily understood 
why the sludge, which is a biochemical reactant vital to the functional success 
of this system, is not valued when one considers that the amount of sludge in 
excess of that needed for recycle represents a major waste product of the 
waste treatment plant, and a major disposal problem. Nonetheless, the sludge 
that is dosed to the aeration tank is responsible for the success of the process, 
and in accordance with the descriptive equations, it is an important control 
parameter. 

As a consequence of metering the supply of X R from an aerated dosing 
tank, it might be expected that any soluble substrate in the clarifier underflow 
would be reduced by the extra treatment provided in the dosing tank. For this 
reason, S e in the recycle can generally be considered to be 0 regardless of its 



Dilution rate. D. h 1 

Figure 6-36 Effect of recycle sludge concentration X R and hydraulic recycle ratio a on effluent 
substrate concentration S t at various dilution rates D. Assumed conditions: S, = 1000mg/L. 
Mma* = 0.5 h" 1 . .Kj=75mg/L, Y, = 0.6, k d = 0.12 day' 1 . Values of a are given in parentheses; S, 
was calculated from eq. (6-80). 
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concentration in the clarifier underflow. Thus, the equations for cases c and d 
are more applicable than those for cases a and b (Table 6-4). 

Studies in laboratory pilot plants to determine the predictive value of the 
equations and the ease or difficulty of operation of a system using X R as one 
of the control parameters have provided results indicating the applicability of 
the approach (Gaudy and Srinivasaraghavan, 1974; Srinivasaraghavan and 
Gaudy, 1975; Saleh and Gaudy, 1978; Manickam and Gaudy, 1978). Opera¬ 
tionally, it is quite easy to maintain a preselected value of X R , especially if the 
value is somewhat lower than the concentration of compacted sludge in the 
clarifier underflow. Values of X R of approximately 10,000 mg/L can usually be 
obtained by diluting the portion of clarifier underflow to be recycled. Thus, 
selection of values of X R of this magnitude would usually obviate the need for 
thickening equipment. It should be pointed out, however, that many treatment 
plants use thickening processes to prepare excess sludge for treatment and 
disposal. Therefore if, in the field, X R were selected higher than the concen¬ 
tration of the underflow, thickened sludge for recycle could be obtained 
without too much additional cost. 

The concentration of sludge is easily estimated by measuring its optical 
density if samples are appropriately diluted and the biomass dispersed by 
blending prior to measuring the transmittance. The recycled sludge to be 
dosed to the aeration tank can be made up each 24 h. During the ensuing 24-h 
pumping period, there is little autodigestion and X R remains fairly constant. 
Thus, from an operations standpoint, the use of constant X R does prevent the 
problems encountered when attempting to operate with constant c as a 
control parameter. 

Figure 6-37 shows typical results during operation of a pilot plant at 
constant X R . In this run, X R was selected as 10,000 mg/L. The steadiness in X 
and S is apparent. The quality of the effluent can be measured in a number of 
ways. In this figure, soluble COD S„ cells in the clarifier overflow X e , and 
total (unfiltered) COD S, are shown. In addition, the BOD of the clarifier 
effluent and the concentration of carbohydrate (anthrone test) in solution were 
also measured but not as often as those analyses that are plotted. Soluble 
carbohydrate values were much lower (approximately 75 percent) than solu¬ 
ble COD values. Soluble COD is defined as organic matter capable of passing 
through a 0.45 (im (nominal pore size) membrane filter. Values of BOD (5-day 
incubation periods) of the unfiltered clarifier effluent were very low—in the 
range of 10 to 15 mg/L. The actual residual COD values were plotted, and 
actual COD values for the strength of the carbon source (glucose) are shown 
for Sj and S e . These could have been corrected to ACOD values for S, and to 
ACOD minus COD,, values as a measure of effluent quality S e , but this was 
not done in order to simplify presentation of the experimental results. 
However, it is important to realize that residual soluble COD is not equivalent 
to S e - To determine S e , one must substract the residual COD observed from 
the determined ACOD (S,) of the wastewater. The residual soluble COD 
plotted in Fig. 6-37 is significantly higher than the actual S e . One may make a 



294 QUANTITATIVE DESCRIPTION OF GROWTH 


100 - 

0 - 


<U- — 

FeedLS/ 





J 

-- 







c 

— 


<* 






Tota 

COD. 

S, 

Efflue 

nt chara 

cteristu 

'S 

R 

Fil 

rate COD. S e \ 

1 \ 
solids. AC 

\ 



bod 5 

^=3 







12 3 45678910 


Time, days 



Figure 6-37 Operational characteristics for an activated sludge process pilot plant with constant 
X R . (From Srinivasaraghavan and Gaudy. 1975.) 


fairly conservative estimate of the base-line value of soluble COD e by noting 
that during the run shown in Fig. 6-37, the soluble COD in the sludge return 
aeration tank (aerator No. 2 in Fig. 6-33) was on average 14mg/L. For this 
run, 14mg/L COD is perhaps the absolute minimum COD e , because a small 
amount of a residual soluble COD in the effluent (an average of 31 mg/L in 
this run) combined with 10,000 mg/L of cells for 24 h provided for the 
“squeezing out” of 17 mg/L COD. Thus, by substracting 14 mg/L from the 
average 31 mg/L in the effluent, a closer but still conservative estimate of S e 
would be 17 mg/L. Also, the low soluble COD concentration observed in the 
recycle substantiates the assumption made in the derivation of the equation 
that substrate in the recycle can be neglected. 

After making a number of such studies at various specific growth rates 
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and determining values of the biomechanic constants q. max , K s , Y„ and k d , one 
can calculate (i.e., predict) the steady state values of X and S e that would 
exist at the selected values of the engineering control parameters D, a, and 
X R . When this is done, the equations do predict observed values rather 
closely. The equations of cases c and d predict nearly the same values of S e 
and X. However, the equations for case d, which include k d , provide 
significantly better predictions of excess sludge, especially for low values of 
q.„. The excess, or waste, sludge produced each day during the run shown in 
Fig. 6-37 is given in the lower graph. The excess sludge or the net ac¬ 
cumulation of biomass in the system each day is an important consequence of 
growth and substrate removal because, in the field, the disposal of this excess 
growth represents a considerable problem. One can predict the amount of 
excess sludge using the model equations. 

Since case d is most applicable, it will be used in deriving prediction 
equations. The equations can be obtained by writing a mass balance equation 
in X bounding the cell separator or clarifier (see Fig. 6-30). The mass balance 
for X is : 

v dX . (-) cells in effluent (-) cells in waste (-) cells in 

dt m ° W (overflow) line (underflow) recycle 

V^ = (l + a)FX - (F-F„.)X f - F W X'„ - aFX R 

(6-82) 

Since it is assumed that no reaction involving a change in X in the 
clarifier takes place, the mass balance is a simple inventory of the biomass 
entering and exiting the clarifier. Also, since the clarifier does not provide 
perfect separation of mixed liquor, the term for X in the effluent or overflow, 
X c , is included. It is well known that in practice the clarifier usually functions 
as an accumulator of settled biomass, i.e., the settled cells are not im¬ 
mediately removed; but by expanding the unit time to a day, one can assume 
that a steady state is approached, i.e., any accumulation is relieved daily. 
Thus, dividing Eq. (6-82) by V and letting dX/dt approach 0: 

y [(F - F, )X e + FhX I-] = y[( 1 + a )X - aX R ] (6-83) 

The term in brackets on the left side of Eq. (6-83) represents both the rate of 
biomass wastage from the underflow (F W X' W ) and that inadvertently wasted in 
the overflow (F - F w )X e . Designating this term as the excess sludge and 
representing it by X w : 

X w = VXD (1 + a - a (6-84) 

Also, substitution of Eqs. (6-45) and (6-75) for q,„ leads to: 

X„, = VXfi n 


(6-85) 
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and 



( 6 - 86 ) 


In Eq. (6-86), @ c is defined as the mean cell residence time or sludge (cell) age, 
and is the reciprocal of /a n . 

Equation (6-84), (6-85), or (6-86) can be used to predict the excess sludge 
for any of the cases examined. In the case of Herbert’s approach, c replaces 
X R /X and, since fi„ rather than /a appears in the equations, they hold true 
whether or not k d is neglected. X„. will not be the same for all cases. 
Differences occur because of differences in the value of the predicted cell 
concentration X. In general, when the steady state equations in X, S e , and X*. 
for case d [Eqs. (6-80), (6-81), and (6-84)] are used to calculate these values 
under specific experimental conditions, the predicted values are rather close 
to those experimentally observed during operation in continuous culture. 
Thus, the equations appear to be useful for both analysis and design of 
recycle systems using heterogeneous populations, e.g., activated sludge. More 
detailed description of the utility and use of this model can be found in the 
literature (Ramanathan and Gaudy, 1969, 1971; Gaudy and Srinivasaraghavan, 
1974; Srinivasaraghavan and Gaudy, 1975; Gaudy et al., 1977; Gaudy and 
Kincannon, 1977a, 1977b; Manickam and Gaudy, 1978; Saleh and Gaudy, 1978). 
Bonotan and Yang (1976) have reported considerable success in using the model 
in pilot plant studies on an industrial waste. 

Obtaining values of the biokinetic constants for use in any of the models 
is not a major problem. However, there is not yet a sufficient library of values 
from past experiments so that the range of probable values for various types 
of waste (carbon sources), temperature, pH, and other factors can be treated 
as a “shelf item” or handbook item. The values of the biokinetic constants 
should be determined by the environmental technologist during the trea¬ 
tability study and functional design stage, which for the most part has been 
woefully neglected in past practice of the profession. Also, the biomechanical 
properties should be checked periodically during the life of the process. The 
model equations can be useful in designing operational strategies as well as in 
the initial design of the process. The biomass constants for this living 
engineering material must be expected to exhibit much more variability than 
do the characteristic constants used to describe the functional behavior of 
inanimate engineering materials such as steel, concrete, and asphalt. Although 
the challenge is greater in the environmental field, the stakes are higher. In the 
future there will be as much or more opportunity for environmental profes¬ 
sionals in operation as there is currently in design. The control of product 
quality in biological treatment facilities is a more complicated and sophisti¬ 
cated technological problem than it is for some of the other applied biological 
processes such as the making of spirits or the production of penicillin. The 
major product, reusable water, is much more important than those cited, and 
in time its monetary value will be more in line with its importance and will 
provide economic justification for the use of more sophisticated operational 
skills in its production. 
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It should be clear that interest in the kinetic constants will continue during 
operation. The Monod constants, q, max , K s , and the true cell yield Y„ can be 
estimated from batch data, as previously described. They may also be 
calculated using data from a continuous-flow pilot reactor and the kinetic 
model equations recommended here. The value of the maintenance coefficient 
k d is the most costly to determine because several continuous-flow runs must 
be made to obtain data for making plots such as those shown in Fig. 6-29. 
Values for k d reported in the literature range from 0.025 to 0.48 day' 1 for 
heterogeneous populations and somewhat higher for some pure cultures (see 
Chap. 10). How constant k d will be for a given type of substrate and given 
environmental conditions over a range of net specific growth rates is not 
really known. However, Fig. 6-38 shows a maintenance plot for data obtained 
over a 4-year period, using the same carbon and nitrogen sources (glucose and 
NHJ), essentially constant temperature (20 to 22°C), constant pH (6.8 to 7.2), 
and natural populations obtained from a municipal treatment plant at various 
times during that period. The data show a rather high degree of constancy 
over the 4-year period. 

For operation under relatively constant conditions, Eqs. (6-80), (6-81), and 
(6-84) predict relatively accurate values of S e , X, and X„. for heterogeneous 
microbial populations. The growth system can be adequately described using 
four biochemical properties of the biomass, q. max , K s , Y„ and k d , and the 
systems can be controlled with respect to X, S e , and X». using three selectable 
engineering parameters, D (or 1 It), a, and X R . Together these parameters 
determine jx n or 1/0 C . 

Although Eqs. (6-80), (6-81), and (6-84) can be used to design an activated 
sludge process (Gaudy et al., 1977), they are ideally suited for analysis of the 
system to predict the behavior of X, S e , and X». for various values of the 
biological constants and engineering parameters. When designing a process, 
the required S e value is known or can be calculated from given or calculable 
values for allowable organic loadings to the receiving stream. The approach 
is to calculate the p.„ corresponding to the required S e , determine values of the 
biokinetic constants, then select the engineering parameters a and X R , and 
determine the required volume of the reactor (or t, V/F). The required net 
specific growth rate is given by Eq. (6-87) [from Eqs. (6-23) and (6-45)]: 


l^n 


= Mrr 


K s + S e 


(6-87) 


The mass balance equations for biomass and substrate concentrations 
can be solved simultaneously and expressed as shown in Eqs. (6-88) and 
(6-89): 


vr y,[S,--(l + a)S,] , ^ 

X — . , i —+aX R 

1 + kj fi n 

YiF[S, — (1 + a )S f ] + X r F (1 + a)F 
k d X k d 


( 6 - 88 ) 


(6-89) 



298 QUANTITATIVE DESCRIPTION OF GROWTH 



Net specific growth rate ' " 



Specific substrate utilization rate. U. day" 1 


Figure 6-38 Plots of maintenance energy equations to determine true yield Y, and maintenance 
coefficient k d . (Top) Eq. (6-50). ( Bottom ) Eq. (6-54). (From Srinivasaraghavan and Gaudy, 1975, 
with additional unpublished data of M. Saleh.) 


Substitution into Eq. (6-88) of the fx„ value calculated from Eq. (6-87) gives 
the value of X needed for substitution into Eq. (6-89). One can, with 
repetitive solutions of this equation and using a reasonably attainable range of 
values of a and X R , arrive at the most desirable reactor volume that gives the 
required /x„, i.e., S e . For a more detailed discussion and stepwise solution of a 
numerical problem in design, see Gaudy and Kincannon, 1977a. 





CONTINUOUS CULTURE SYSTEMS 299 


We have not dealt with any particular species of microorganisms but 
instead with a complicated mixture that has been treated more or less as a 
“species” representing the entire class of aerobic heterotrophs. However, it 
should be realized that this biomass includes species capable of anaerobic 
growth, both those that can substitute bound oxygen for molecular oxygen 
(the denitrifiers) and those that can grow without either (fermentative species) 
as well as the aerobic autotrophic species (nitrifiers). Whether we look at this 
biomass as a “species” of microorganisms, as an engineering material, or as a 
biochemical with which to control the biological purification of a wastewater, 
it should be realized that it is subject to change. These changes come about in 
two ways. First, because the biomass consists of many different species of 
living microorganisms, it is subject to the internal stresses resulting from the 
Darwinian forces of survival of the fittest and the dynamics of the food chain. 
Second, the various species of living cells of which the biomass is composed 
are subject, individually and collectively, to changes in response to variations 
in the external environment. Thus, for engineering purposes, the biomass is 
treated as an average species at the expense of some variability in the kinetic 
constants used to describe it. 

It is important to note that the general approach and predictive equations 
given in this chapter can be applied to anaerobic systems, e.g., anaerobic 
treatment of strong wastes, anaerobic sludge digestion, and denitrification 
processes. They are also applicable to aerobic autotrophic growth, e.g., 
nitrification. The growth conditions and the values of the biokinetic constants 
will be quite different, but the same general growth model can be used to 
design the process and to predict system performance. Depending on the type 
of metabolism involved in the process, the diversity of species and the 
complexity of relationships between species may be greater or less than those 
for the aerobic treatment of organic wastes. 

The predictive equations were formulated on the premise that a steady 
state would be maintained; i.e., dX/dt ->0 and dS/dt 0. The available data 
indicate that in the main this assumption can be accepted as valid for 
heterogeneous populations. In biological treatment processes, maintenance of 
the steady state with respect to S e is obviously more important than main¬ 
taining X in the steady state. In general, if S h F, temperature, and pH are held 
relatively constant, and X* rather than c is used as a system control parameter, 
steadiness in X, S e , and X u . will resu't. It must be remembered, however, that 
in the treatment plant F and S,- vary hourly, temperature generally is not 
controlled, and pH is seldom subject to control. We may properly ask: How 
good is the model and the system it describes when these environmental 
factors change? Solving this problem takes various forms. Can the equations 
be integrated in a convenient form for the transient rather than the steady 
state? If so, will they predict the actual response? Will the response be such 
that unacceptable amounts of effluent COD ( S e ) will leak into the receiving 
stream before the system attains a new steady state? Will a new steady state 
be attained? Regardless of the equations and the responses they may or may 
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not predict, how will the system actually respond? What magnitude of change 
or what types of change will engender a reasonably successful response and 
which will cause serious breakdown in the efficiency of the process? What 
combinations of environmental shock cause serious disruption of substrate 
utilization? For environmental shocks beyond those the system can success¬ 
fully combat, what can be done in an engineering way to enhance the 
steadiness of effluent quality—e.g., equalization basins for leveling out of F 
and S„ or add-on units to clean up the effluent after receiving excessive 
environmental stresses? Are there changes in operational procedures that 
could be used to combat the shock? Can the onset of a shock be assessed so 
there is advance warning? 

The list of questions of a fundamental environmental microbiological 
nature and of an engineering nature can go on and on. More than two decades 
ago, a friend advised against studying biological treatment of waste because, 
he said, we already know about all we are going to know about it. Like the 
country boys in the song about Kansas City, “They have gone about as fer as 
they can go”! The point of the story is that, then as now, some have! But 
others have not! And it is the latter who will effect the needed technological 
control of the life-support system we often call the environment. Some of the 
questions just listed will be addressed in subsequent chapters. 


PROBLEMS 


6.1 (a) Calculate values for p max and K, from the following pilot plant data for a system 
operating using Gaudy’s model, with X R as a control parameter. 


D = 0.08 h" 1 
a = 0.25 
S = 2360 mg/L 
S, = 10 mg/L 

y, = 0.6 

k d = 0.005 h"' 
X R = 7500 mg/L 
X = 2500 mg/L 


D = 0.324 IT 1 
a = 0.25 
S, =2210 mg/L 
S, = 50 mg/L 

y, = 0.6 

k d = 0.005 h" 1 
X R = 7500 mg/L 
X = 2500 mg/L 


(b) Suppose k d was not previously known and you neglected it, i.e., you assumed k d =0, 
what effect would this have on your estimates of K s and p. mu ? 


6.2 Assume you have an activated sludge pilot plant with an effective volume V in the reactor of 
1.5 m 3 . 

(a) If you operate the pilot plant under the following conditions, how much excess sludge 
X„ will you generate each day? 


p-max 1— day 
K s = 125 mg/L 

y, = 0.6 

k d = 0.1 day" 1 


a = 0.25 

X R = 10.000 mg/L 
D = 0.125 h"' 

S, = 500 mg/L 


(b) Assume you now decide to run the process as an extended aeration system, i.e., no 
generation of excess sludge. At what detention time F should you run the pilot plant? 

(c) Suppose after a time during operation as an extended aeration process, the k d for the 
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system changes to 0.13 day -1 . If you wished to continue operation as an extended aeration 
process with a and X R remaining the same as in parts (a) and ( b ), at what value of detention time 
t must you run the pilot plant? 

(d) Suppose in part (c) you did not immediately realize that k d had changed to 0.13 day -1 . 
How would you first know that it had changed? What would be the steady state biomass 
concentration X if you did not change a or 1? 

6.3 Assume you are going to operate an activated sludge pilot plant according to the model 
equations of Herbert. Use the following values for the biological constants and engineering 
parameters in your calculations. 


Mmax 12 day 
K, = 75 mg/L 
Y, = 0,65 
fcd =0.1 day -1 


a = 0.25 
c = 4.5 
D = 3.0 day -1 
V = 2.0 m 3 


(a) Calculate S r and X for S, = 500 mg/L for k d = 0, 0; and S R = 0, S R * 0. 

( b ) How does the assumption that k d ^0 affect the sludge production? 

(c) Increase S, to 3000 mg/L and compare the required concentrations for X R at this feed 
level with those for S, = 500 mg/L. Discuss the practical feasibility of using c rather than X R as 
an engineering control parameter. 

6.4 (a) Calculate the effluent substrate concentration S r using the equations according to 
Gaudy’s model and the following information: 

10 day -1 
K, = 100 mg/L 
V, = 0.6 
k d =0.1 day -1 

(b) Increase X R to 15,000 mg/L. To what extent will this improve the effluent quality (with 
respect to S«)? 

(c) Could you produce the same effluent quality as in part (b) by holding X R at 10,000 mg/L 
and changing the value of a? What would a need to be to attain this level of S e ? What does this 
do to the actual t in the reactor, Fi? 


a = 0.25 

X R = 10,000 mg/L 
D = 3 day -1 
Si = 1500 mg/L 



Would it seem best to attain the S e of part (b) by changing X R to 15,000 mg/L or by changing a? 

6.5 The data in the accompanying table were obtained during a batch aerobic growth experiment 
on a nonstrippable substrate. 


Time, 

h 

Soluble COD, 
mg/L 

Mixed liquor COD, 
mg/L 

0 

510 

511 

1 

476 

496 

2 

170 

363 

3 

80 

324 

4 

40 

307 

5 

18 

298 

6 

10 

294 


(a) Calculate the cell yield, assuming the empirical formula for microorganisms according to 
Porges and his coworkers is applicable (see Ch. 3). 

( b ) How much BOD has been exerted at 3 h? 
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6.6 Assume you have run a batch growth study using five concentrations of substrate So and have 
generated the growth data shown in the accompanying table. Each system was started using an 
initial inoculation X n = 10 mg/L of cells previously acclimated to the substrate. 

(a) Determine values of p. max and X, (if the data are adequate for such a determination; i.e., 
never assume a particular relationship exists but use your data to determine whether it does!). 

(b) The substrate concentration in flask 5 was 150 mg/L at 10 h; calculate the cell yield. 

(c) Calculate the cell concentration X at 3 h for So = 500 mg/L and X 0 = 5 mg/L. How much 
substrate will remain in solution at this time? 


Biomass concentration .X' in mg/L at time and So indicated 


Time, h 

So= 100 

200 

400 

600 

1000 

0 

10 

10 

10 

10 

10 

1 

13 

14 

15 

15 

16 

2 

16 

20 

22 

24 

25 

4 

27 

38 

50 

56 

62 

6 

45 

74 

110 

131 

153 

8 

50 

90 

200 

308 

380 

10 

50 

90 

210 

300 

520 

12 

50 

— 

— 

— 

— 


6.7 (a) Determine the volume of the activated sludge tank required and the excess sludge 
production using Gaudy's model (X R as a control parameter) for a wastewater flow F = 1 mgd 
(million gal/day) under the following conditions: 

(!« = 10 day' 1 kj = 0.1 day" 1 

K s = 75 mg/L a = 0.25 

y, =0.6 X K = 10.000 mg/L 

Organic loading: S, = 500 mg/L BOD. (5-day BOD) 

Effluent standard: total BOD. = 20 mg/L 

suspended solids X' = 20 mg/L 

(fc>) Describe what calculations you might make to determine the optimum a and X R 
combination to use. 

(c) If you were designing an activated sludge process, would you make provision for the 
use of one a and one X fi or a range of these parameters? Give reasons for your decision. 

(d) With reference to the plant designed in part (a), calculate the effect on S f if the inflow F 
was reduced to 0.5 mgd but the sludge recycle flow F R remained the same as in part (a). 
Calculate the effect on S e if F was changed to 1.5 mgd and F R remained the same as in part 
(a). 

6.8 The accompanying data were obtained during batch growth studies. The values listed under 
the heading Af represent the duration of the straight-line portion of a semilogarithmic plot of 
suspended solids (biomass) concentration X versus (. and the initial and final values for X 
represent those over the stated time interval for growth on the given So. Determine whether there 
is a relationship between the exponential specific growth rate jx and the initial substrate 
concentration. If the Monod equation looks like a reasonable possibility, determine the numerical 
values of /j. ma * and K„ and show that the equation describes the experimental data adequately. 
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Growth data 


So, 

mg/L 

X 0 , 

mg/L 

X„ 

mg/L 

At, 

h 

100 

19 

63 

7.5 

200 

20 

101 

7.0 

300 

18 

167 

8.25 

400 

17 

112 

6.5 

500 

17 

300 

9.25 

600 

16 

207 

8.0 

800 

15 

270 

8.5 

1000 

21 

759 

10.25 


6.9 The accompanying graph shows the results of a batch experiment in which the initial soluble 
COD of the substrate was 1000 mg/L. As the heterogeneous microbial population grew during the 
experiment, a small sample was diluted and the concentration was measured (see biological solids 
concentration X). Also, the oxygen uptake was measured during the experiment. 

(a) What is the numerical value of ACOD? What does ACOD represent? 

( b ) What is the biochemical oxygen demand BOD at the end of the experiment? 

(c) Where does the endogenous phase begin in this graph? 

( d ) Note the shape of the oxygen uptake curve. Can you suggest a possible reason why the 
oxygen uptake curve should develop a pause between phases. It is not an experimental error, nor 
is it due to nitrification. 



6.10 The accompanying data list shows average steady state results obtained during a pilot plant 
study on a biodegradable wastewater. Si and S, values are given in terms of soluble COD, and 
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you have previously determined that the waste is highly biodegradable; i.e., there is little or no 
nonbiodegradable COD. 


s„ 

mg/L 

s„ 

mg/L 

X, 

mg/L 

X, 

mg/L 

Excess sludge 

X K , F„ 

mg/L L/day 

X/F„, 

mg/L/day 

V, 

L 

F. 

L/day 

500 

4 

10 

1129 

5000 

0.26 

14,000 

8.0 

24.0 

1000 

6 

18 

1283 

5000 

0.60 

13,500 

8.0 

24.0 

2000 

11 

26 

1593 

5000 

1.25 

13,800 

8.0 

24.0 

500 

7 

21 

1142 

5000 

0.48 

15.600 

8.0 

48.0 

1000 

13 

30 

1297 

5000 

1.36 

12.100 

8.0 

48.0 

2000 

24 

46 

1608 

5000 

2.78 

12.400 

8.0 

48.0 

2000 

41 

88 

1109 

2500 

2.43 

13.400 

8.0 

48.0 


From these data calculate the biological constants /u. max , K„ Y„ and kj. Also find the volume of 
the reactor that is required to treat a waste with S f = 1000 mg/L and a flow F = 1 mgd. Set a at 
0.25 and Xu at 10,000 mg/L. The local effluent standard requires that the total COD of the effluent 
can be 30 mg/L, and the suspended solids concentration cannot exceed 15 mg/L. Size the aerator 
for a flow of 1 mgd. Also predict the amount of excess sludge in dry weight per day. State the 
basis for and comment on any assumptions or judgments you need to make in completing this 
design assignment. 

6.11 The accompanying sketch shows a plot of the calculated substrate concentration S, and 
biomass concentration X in a once-through reactor at different dilution rates D. from slow ones, 
e.g., i h'\ to very rapid ones at which cells and substrate dilute out of the system. Neglect kj and 
assume that the values for /x max . K s , and Y, are 0.5. 100. and 0.6, respectively. 

(a) Calculate and plot the dilute-out curves for X and S using these constants; then 
calculate and plot the dilute-out curves for other values given in parts (b), (c) and (d). 

(b) Change the cell yield V, to 7.5. and show graphically the effect of higher yield. 

(c) Change p. max to 0.7 IT 1 and graph the effect on the dilute-out curves. 

(d) Change K s to 450 mg/L and show graphically the effect of increased K,. 

(e) Calculate the critical dilution rate D c for parts (a), (t>), (c), and (d). 

(/) Compare and discuss the curves, i.e., the effect the values of the constants have on the 
curves. 



Dilute-out curve for a completely mixed 
once-through growth reactor 
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6.12 Calculate the net specific growth rate p.„ and sludge age 0„ for the data shown on the pilot 
plant flow diagram. 


Reactor 



Aerated return 
sludge dosing 
tank 
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CHAPTER 

SEVEN 


ENERGY GENERATION AND UTILIZATION IN 
BIOLOGICAL SYSTEMS 


The ultimate source of energy for all life on earth is the sun, although only 
photosynthetic organisms—the green plants, algae, cyanobacteria, and a few 
other genera of bacteria—can benefit directly from radiant energy. The 
organisms that carry out “plant-type” photosynthesis convert carbon dioxide 
to organic compounds that serve as a source of chemical energy for most 
other living organisms and, in the process, produce oxygen. Thus, the two 
essential ingredients of the energy-yielding systems of animals and many 
microorganisms, oxygen and an organic energy source, are products of 
photosynthesis, i.e., synthesis powered by light. 

In Chap. 1 we examined several cycles of vital importance to the 
maintenance of our life-support system. In this chapter we shall see that the 
carbon cycle is intimately related to the generation of energy in biological 
systems. In carbon dioxide, carbon is in its most oxidized state, and the 
energy required to reduce it to the level of carbohydrate is furnished by 
sunlight. That energy is released when carbon is again oxidized to carbon 
dioxide by organisms that utilize chemical energy. The two possible sources 
of energy for living organisms, radiant energy and chemical energy, are thus 
not independent since, were it not for the continual input of energy from the 
sun, the chemical energy available on earth, at least in forms usable by 
humans, would be rapidly exhausted. The degradative leg of the carbon cycle 
is equally important since the concentration of carbon dioxide in the atmos¬ 
phere is very low; the entire amount available in the earth’s atmosphere has 
been estimated to be sufficient to sustain photosynthesis at the present rate 
for only about 2 years if oxidation of food material to carbon dioxide ceased. 
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All living organisms utilize a common form of energy storage. Whatever 
the energy source, energy derived from that source is stored as chemical 
energy in the form of ATP, adenosine triphosphate (see Fig. 3-40). A major 
portion of this chapter will be devoted to the mechanisms by which ATP is 
formed. Three such mechanisms exist— substrate level phosphorylation, oxi¬ 
dative phosphorylation, and photophosphorylation. We shall examine each of 
these as they are utilized by microorganisms, but first a brief discussion of the 
thermodynamic principles involved in the release and utilization of energy is 
necessary for understanding the role played by ATP in the living cell. For a 
more complete discussion of thermodynamics, the reader should consult one 
of the references listed at the end of the chapter. 


THERMODYNAMIC PRINCIPLES 

Energy may be defined as the capacity for doing work. Thermodynamics 
deals with energy in its various forms, thermal, chemical, and electric, and the 
laws governing energy transformations in chemical or physical processes. 

The work for which microorganisms require energy is related primarily to 
the production of new cells. A minor requirement for some microorganisms is 
the mechanical work of movement, the amoeboid or gliding movement of the 
cell or the movement of flagella or cilia, but except where motion is necessary 
for capturing food, it is a luxury that can be dispensed with by many motile 
microorganisms without affecting viability or reproduction. Work is also 
required to transport materials through the cytoplasmic membrane or, in 
eucaryotes, through membranes of organelles or from one part of the cell to 
another. These are minor requirements, however, compared with the work of 
biosynthesis. Synthetic reactions proceed only when energy is supplied from 
an external source. In nonbiological systems, energy is often supplied in the 
form of heat, but biological reactions must occur at the relatively low 
temperatures compatible with life. As we shall see later, the major require¬ 
ment for energy in the microbial cell is for polymerization reactions, i.e., the 
formation of proteins from amino acids, nucleic acids from nucleoside 
triphosphates, etc. The work of chemical bond formation is performed 
through the input of chemical energy derived from other, energy-yielding 
reactions. The compound that mediates this transfer of energy is ATP. 

The laws of thermodynamics allow us to predict which reactions will 
produce energy (exergonic reactions) and which will consume energy (ender- 
gonic reactions) and to calculate the amounts of energy produced or con¬ 
sumed. The three laws of thermodynamics may be stated simply as follows: 

1. Energy can be neither created nor destroyed; i.e., the total amount of 
energy in nature is constant. 

2. The total amount of entropy in nature is constantly increasing; i.e., 
spontaneous reactions tend toward increased randomness (entropy). 
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3. At absolute zero (OK or -273.16°C) there is no molecular motion, i.e., 
entropy is zero. 

Free Energy 

We have defined energy as the capacity for doing work, but it is the actual 
amount of work that can be accomplished by the energy input to any system 
that is important. Consideration of the first two laws of thermodynamics led 
Gibbs and Helmholtz to formulate an expression that defines useful energy, 
that is, the energy available to do work. When a chemical reaction occurs 
under isothermal conditions, as is true of biological reactions, part of the 
energy released is lost because of the tendency of entropy to increase, and the 
remainder is useful energy, or free energy. The change in free energy AG was 
given as Eq. (3-1) in Chap. 3: 

AG = AH - T AS 

where A H is the change in enthalpy (or internal energy), T is the absolute 
temperature at which the reaction takes place, and AS is the change in 
entropy. The units of AG are calories per mole. A calorie is defined as the 
amount of heat energy required to raise the temperature of one gram of pure 
water from 14.5 to 15.5°C at atmospheric pressure. (The symbol A F has 
exactly the same meaning as AG.) The standard free-energy change AG° is 
defined as the value of AG for the reaction under standard conditions, when 
all reactants are present at initial concentrations of 1 mol/L. 

Only reactions for which AG has a negative value proceed spontaneously, 
since AG is a measure of the change in the amount of useful energy in the 
system. If the useful energy is to increase, there must be an inflow of energy 
from an externafsource; i.e., the reaction will not occur spontaneously. Thus, 
the direction of change in the amount of free energy determines whether a 
reaction can occur, and the magnitude of the change determines the degree to 
which the reaction will proceed toward completion. 

Measurement of Free-Energy Change 

The relationship between AG and the extent to which a reaction proceeds is 
an important one and provides one means of measuring AG. A reversible 
reaction 

A + B ^ C + D 

will proceed from left to right until equilibrium is reached. At equilibrium, 
AG = 0 and entropy is at its maximum value. The equilibrium constant for the 
reaction, K eq , is the ratio of the product of the concentrations of the reaction 
products to the product of the concentrations of the reactants at equilibrium: 
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The standard free-energy change of the reaction is related to the equilibrium 
constant because it is the change in free energy that drives the reaction: 

A G° = -RT In K eq (7-2) 

where R is the gas constant [1.987 cal/(mol)(deg)]. In biological systems, 
molar concentrations of reactants are not expected and the actual free-energy 
change AG is related to the standard free-energy change by the equation 

AG = AG° + RT In K tq (7-3) 

The value of AG under physiological conditions may be quite different from 
AG°, but since the exact conditions under which reactions proceed inside the 
cell are impossible to determine, values of AG° are useful as standard 
reference points in comparing the free-energy changes of different reactions 
and in determining whether a reaction is thermodynamically possible. 

The fact that a large negative value of free-energy change is associated 
with a reaction has no influence on the kinetics of the reaction, i.e., the rate at 
which the reaction proceeds. Such a reaction may proceed almost to com¬ 
pletion but at so slow a rate that for practical purposes it may be considered 
not to occur at all. In nonbiological systems, heat or catalysts such as finely 
divided metals may be used to increase the rate of reaction. In biological 
systems, enzymes perform the catalytic function of activating the reactant 
molecules to increase the reaction rate. Catalysts, whether biological or 
nonbiological, cannot influence the equilibrium of a reaction nor can they 
cause a reaction that would not occur spontaneously, albeit at an infinitely 
slow rate, to take place. The laws of thermodynamics determine whether a 
reaction can occur and the extent to which it will proceed but do not predict 
the rate of the reaction, whereas catalysts, including enzymes, can influence 
only the rate. 

If sufficiently accurate methods for determining the concentrations of 
reactants and products are available, a reaction may be allowed to proceed 
until equilibrium is attained, i.e., until no further reaction occurs, with or 
without a catalyst, and the value of X eq is determined, from which the 
standard free-energy change can be calculated using Eq. (7-2). If the reaction 
is carried out at pH 7.0, the standard free-energy change is represented by the 
symbol AG'. It is customary when using a pH other than 7.0 for biological 
reactions to specify the pH at which the determination was made. It should be 
noted that the value of K tq is theoretically based on activities rather than 
concentrations, but these are generally assumed to be equivalent. 

Other methods for determining the value of AG° are available (Casey, 
1962; Mahler and Cordes, 1966). One is of particular interest because it is 
based on the energy released during oxidative reactions, and this type of 
reaction is the source of energy for the living cell. Oxidations in biological 
systems very seldom involve the direct participation of oxygen but are 
accomplished instead by the removal of electrons. The transfer of electrons 
generates an electric current, which can be measured as electric energy. The 
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equivalence of electric and chemical energy is stated by the first law of 
thermodynamics and may be expressed by the equation: 

AG° = -nF AE 0 (7-4) 

where n is the number of electrons involved in the reaction, and F is the 
faraday (96,500 coulombs,, i.e., the number required to reduce or oxidize 
1 mol). AE 0 is the difference in electrode potentials (in volts) between two 
reacting systems, oxidized reactant-reduced product and reduced reactant- 
oxidized product. E 0 is the oxidation-reduction (redox) potential of a system 
in which the activities of oxidized and reduced forms are equal, measured 
with reference to the standard hydrogen electrode, which is arbitrarily assig¬ 
ned a redox value of 0. The subscript m ( E m ) is sometimes used to indicate 
that the measurement was made using equal concentrations of oxidized and 
reduced forms. E 0 measured at pH 7 is designated by the symbol E' a . Values 
of E 0 for biologically important redox systems have been measured and are 
useful in determining the potential of one system for reducing another. A 
system with a larger negative value will reduce (transfer electrons to) any 
system with a less negative value or a positive value of E 0 , and the amount of 
free energy released by the reaction is proportional to the difference in the E 0 
values. Larger differences in E 0 , then, indicate a greater tendency to proceed 
toward completion of the reaction, i.e., higher values of K cq , since, from Eqs. 
(7-2) and (7-4), AG = -nF AE 0 = -RT In K cq . 


COUPLED REACTIONS 

We have discussed thermodynamic principles as applied to individual, 
isolated reactions, and determinations of thermodynamic constants must be 
made with such reactions. However, in biological systems, reactions never 
proceed in isolation. As we shall see in succeeding chapters, reactions in the 
living cell are consecutive, proceeding from an initial substrate to a final 
product or products, and such a series of consecutive reactions constitutes a 
metabolic pathway. Two consecutive reactions, or a series of reactions, are 
considered to be coupled since the product of the first reaction is a reactant in 
the following reaction. A thermodynamically unfavorable reaction may 
therefore be “pulled” by a following reaction that removes the product and 
thus displaces the equilibrium to the right. In coupled reactions in which A is 
converted to B, B to C, and C to D, 

A-» B -»C-> D 

the reaction B -* C may proceed to only a slight extent or not at all in 
isolation, but the removal of C by its conversion to D in the coupled reaction 
allows the conversion of B to C to proceed to completion. This is simply 
another way of saying that if a series of reactions is to occur spontaneously, it 
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is only necessary that the overall AG, the algebraic sum of the AG values for 
the individual reactions, be negative. 

It is not necessary that reactions occur as parts of the same reaction 
sequence or metabolic pathway in order to be coupled. In fact, the entire 
concept of the utilization of energy released from the energy source in 
catabolic reactions to drive the energy-requiring anabolic, or biosynthetic, 
reactions is based on a different type of coupling of reactions. This type 
involves reactions that utilize a common “carrier” molecule. The most im¬ 
portant of such carrier molecules are the pyridine nucleotides, NAD (see Fig. 
3-40) and NADP, which couple oxidative and reductive reactions by acting as 
common electron carriers, and ATP, which acts as a phosphate carrier and 
transfers energy from exergonic to endergonic reactions. These molecules are 
coenzymes; that is, they participate in large numbers of different enzymatic 
reactions and thus link otherwise unrelated reactions so that thermodynamic¬ 
ally unfavorable reactions become thermodynamically possible due to an 
overall drop in the amount of free energy. 


ATP and the Transfer of Energy 


ATP is ideally suited for its role in the transfer of energy for two reasons. 
First, it is a so-called energy-rich compound. It contains three phosphate 
groups in a linear arrangement; the first is joined to ribose by an ester linkage, 
and the bonds connecting the phosphates to each other are anhydride bonds, 
that is, bonds formed by removing water from two molecules of phosphoric 
acid, 


O O 

II II 

HO—P—OH + HO—P—OH 

I I 

OH OH 


h 2 o 


o 


? 


HO—P—O—P—OH 

I I 

OH OH 


(7-5) 


Acid anhydrides are unstable, highly reactive compounds, and these bonds 
are often called high-energy bonds and are represented by the symbol ATP 
can be represented in biochemical shorthand notation as 

Adenine-ribose-P ~ P — P 


Hydrolysis of either of the high-energy bonds is accompanied by the release 
of a large amount of energy, which can be used to form a phosphorylated 
compound of lower energy. In other words, ATP has a tendency to donate 
phosphate to other compounds [see Mahler and Cordes (1966) for a complete 
explanation of the high-energy bond]. The second reason for the role of ATP 
as the cell’s “mobile power supply” (Casey, 1962) is the ability of ATP to 
accept phosphate groups from other phosphorylated compounds of higher 
energy level to form ATP. The intermediate position of ATP between the 
energy-rich and energy-poor compounds makes it the ideal phosphate carrier. 
Table 7-1 shows the free energies of hydrolysis of a number of biologically 
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Table 7-1 Free energies of 
hydrolysis of some biologically 
important phosphate compounds 


Compound 

AG', 

kcal/mol 

Phosphoenolpyruvate 

-14.8 

1,3-Diphosphoglycerate 

-11.8 

Acetylphosphate 

-10.1 

ATP 

-7.3 

Glucose 1-phosphate 

-5.0 

Fructose 6-phosphate 

-3.8 

Glucose 6-phosphate 

-3.3 

3-Phosphoglycerate 

-2.4 

Glycerol 1-phosphate 

-2.2 


Source: Data from Lehninger, 

1971. 


important phosphorylated molecules. The free energy of hydrolysis of ATP is 
approximately 7000 cal/mol at pH 7.0 under standard conditions,* and this is 
arbitrarily defined as the dividing line between high- and low-energy bonds. 
The phosphate esters, such as glucose 6-phosphate, are relatively stable 
compounds with a much lower tendency to donate their phosphate groups, 
whereas other phosphorylated metabolic intermediates have higher phosphate 
transfer potentials and are able to donate phosphate to ADP to form ATP. 
The importance of this gradient of phosphate transfer potential will become 
apparent in our later discussion of metabolic pathways. It should be men¬ 
tioned here that the values in Table 7-1 as well as other values of A G° or AG' 
are subject to some degree of uncertainty. Values obtained by different 
methods (or by different experimenters) vary by several hundred calories. 
Also, as mentioned previously, these values are certainly not representative 
of the actual free-energy change under physiological conditions. Various 
estimates of AG for ATP hydrolysis in the cell indicate that the value is 
probably closer to 12,000 cal/mol. The other values given are, of course, in 
need of the same sort of adjustment. 

In Chap. 3, we used a hypothetical example to illustrate the function of 
ATP in coupling exergonic and endergonic reactions. Using the values of AG' 
in Table 7-1, we can now examine two actual reactions coupled through ATP 
as a common intermediate. Acetylphosphate can be formed as a product of 
glucose metabolism, with the energy required for its formation being supplied 


*The free energy of hydrolysis is a convenient measure of the useful energy released when a 
bond is broken, e.g., in the reaction ATP + H 2 0-> ADP + H 3 P0 4 (Pi). Actual hydrolysis of the 
bond would result in wasting the energy as heat, but free energies of hydrolysis are useful for 
comparison. 
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by the oxidative decarboxylation of pyruvic acid (see Chap. 9). The energy 
thus stored can be transferred through ATP and used in the formation of 
a-glycerol phosphate, which is required for the synthesis of certain lipids. 
Since acetylphosphate has a higher free energy of hydrolysis than does ATP, 
it can transfer phosphate to ADP to form ATP. 

Acetylphosphate + H 2 0 -* acetate + H 3 P0 4 AG' = -10.1 kcal/mol 
ADP + H 3 PO 4 -* ATP + H 2 0 AG' = +7.3 kcal/mol 


Sum: Acetylphosphate + ADP-^acetate + ATP AG' = -2.8 kcal/mol 

The phosphate group can then be transferred from ATP to glycerol, since the 
free energy of hydrolysis of ATP is greater than that of a-glycerol phosphate. 

Glycerol + H 3 P0 4 -> a-glycerol phosphate + H 2 0 AG' = +2.2 kcal/mol 

ATP + H 2 0 ADP + H 3 P0 4 AG' = -7.3 kcal/mol 


Sum: Glycerol + ATP -* a-glycerol phosphate + ADP AG' = -5.1 kcal/mol 

The free-energy change for the overall reaction is the algebraic sum of the 
individual values of AG', -2.8+ (-5.1) = -7.9 kcal/mol: 

Acetylphosphate + glycerol -* acetate + a-glycerol phosphate 

AG' = -7.9 kcal/mol 

Acetylphosphate and glycerol do not, of course, react directly, but the energy 
captured in the energy-rich bond of acetylphosphate drives the endergonic 
reaction of synthesis of a-glycerol phosphate by coupling the two reactions 
through ATP, which serves as a cofactor for both reactions. Such coupled 
reactions are often represented as follows: 



FORMATION OF ATP 

As stated previously, the three mechanisms by which ATP is formed are 
substrate level phosphorylation, oxidative phosphorylation, and photophos¬ 
phorylation. These are associated with different modes of life. Substrate level 
phosphorylation occurs in all organisms that utilize organic compounds as 
energy source. However, in aerobic organisms it contributes only a minor 
fraction of the total ATP synthesized, whereas in almost all anaerobic 
organisms, i.e., in organisms whose metabolism is fermentative, substrate 
level phosphorylation is the only known mechanism for ATP formation. 
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Oxidative phosphorylation occurs in organisms that have respiratory 
metabolism, either aerobic or anaerobic. The oxidation of reduced electron 
carriers involves passage of the electrons through an organized electron 
transport system and finally to a terminal electron acceptor. The formation of 
ATP is coupled to the transfer of electrons. Photophosphorylation is quite 
similar to oxidative phosphorylation in that formation of ATP is coupled to 
the transfer of electrons through an electron transport system. Both oxidative 
phosphorylation and photophosphorylation are placed in the single category 
of electron transport phosphorylation by some authors. In this chapter we 
shall be concerned primarily with the reactions and cellular structures 
specifically involved in ATP synthesis. In later chapters, we will consider the 
relationship of these ATP-forming reactions to the overall metabolic activity 
of the cell. 

As we have stated previously, energy is released in oxidation-reduction 
reactions and, in biological systems, oxidation occurs through the removal of 
electrons. When an organic compound is oxidized, the reaction usually 
involves the simultaneous loss of two protons, or H + ions, so that the 
oxidation actually is a dehydrogenation, i.e., the removal from the molecule 
being oxidized of two atoms of hydrogen, 2H; the convenient shorthand 
notation -2H for such a reaction is often used. Conversely, reduction usually 
involves the addition of 2H. For example, the reversible reaction in which 
acetaldehyde is reduced to ethanol is often written as 

O 

l! +2H 

CH 3 —CH CH 3 CH 2 OH (7-6) 

—2H 

acetaldehyde ethanol 

It is understood that the two hydrogens removed from the organic 
substrate are used to reduce a primary electron acceptor, i.e., an electron 
carrier such as NAD. As discussed above, one of the important ways in 
which reactions can be coupled is through the reduction and oxidation of such 
electron carriers, using a variety of organic or inorganic compounds as donors 
and acceptors of electrons. The importance of coupled oxidation-reduction 
reactions is twofold. Many such reactions, as we shall see later, are essential 
for the generation of ATP. Of equal importance is the fact that reduced 
electron carriers must be reoxidized if the metabolic activity of the cell is to 
continue. The accepting of 2H by NAD in an oxidative reaction is a tem¬ 
porary expedient—a permanent acceptor for the hydrogen must be found so 
that NAD can continue to be available to accept additional hydrogen. This is a 
particularly important problem for the organism in fermentation, where no net 
oxidation of the energy source can occur (see Chap. 11). 

In all energy-yielding metabolism, then, electron carriers are reduced and 
must be reoxidized by passing electrons to a terminal electron acceptor. The 
difference between fermentative and respiratory metabolism lies in the means 
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by which this is accomplished. In fermentation, an organic compound, usually 
a metabolic product formed from the energy source, serves as the terminal 
electron acceptor. In respiration, an inorganic compound is the terminal 
electron acceptor. In aerobic respiration, the terminal electron acceptor is 
oxygen, whereas in anaerobic respiration it is most often nitrate or sulfate ion. 
Some of the reduced NAD may be reoxidized by acting as an electron donor 
in reductive steps of biosynthetic pathways, either directly or indirectly. We 
will discuss this in later chapters, but it is important to realize that this use of 
reduced electron carriers in cells with respiratory metabolism represents an 
energy cost to the cell, since the electrons so used are not available for 
electron transport and the coupled synthesis of ATP. 

Substrate Level Phosphorylation 

In very early studies of the steps involved in the fermentation of glucose to 
alcohol and carbon dioxide by yeast, it was discovered that glucose is 
phosphorylated to form the ester glucose 6-phosphate before being further 
metabolized. Complete unraveling of the pathway revealed that almost all the 
intermediate compounds formed in converting glucose to alcohol and carbon 
dioxide or to lactic acid (the product formed by glucose fermentation in 
muscle) are phosphorylated. Glucose is converted through a series of enzy¬ 
matic reactions to two molecules of pyruvic acid, which is the first non- 
phosphorylated intermediate in the pathway. This pathway, glycolysis, or the 
Embden-Meyerhof-Parnas (EMP) pathway, is used by many different types 
of cells. Pyruvic acid is further metabolized in a number of different ways to 
form products characteristic of the organism. Two such fermentations are 
those mentioned above, the alcoholic fermentation of yeast and the lactic acid 
fermentation of muscle (in the absence of oxygen) or of lactic acid bacteria 
such as Streptococcus lactis, which is used in the dairy industry. Aerobically, 
pyruvic acid is completely oxidized to carbon dioxide and water. 

We will examine the reactions of glycolysis in some detail in Chap. 9. At 
present, we are concerned with the reactions that allow the organism 
metabolizing glucose to store a part of the energy contained in glucose as 
ATP. This is accomplished by the conversion of glucose to an energy-rich 
phosphorylated intermediate that is capable of donating its phosphate group 
to ADP to form ATP. We have discussed the fact that there is a gradient of 
phosphate transfer potential, which was shown in Table 7-1. This means that 
if ATP is to be formed during the metabolism of glucose, an intermediate 
having a higher free energy of hydrolysis than that of ATP must be formed. 
Most of the reactions of glycolysis are preliminary reactions—phosphoryl¬ 
ation by ATP, rearrangements, cleavage, and dehydration—which are secon¬ 
dary to the major purpose of the pathway, the creation of an energy-rich 
intermediate with high phosphate transfer potential. Other pathways for the 
metabolism of glucose and other compounds have a similar theme but utilize 
different reactions. All, however, are designed to achieve the synthesis of 
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ATP by the transfer of a phosphate group from a phosphorylated inter¬ 
mediate of the pathway to ADP. This mechanism of formation of ATP is 
called substrate level phosphorylation. 

The conversion of glucose to two molecules of pyruvic acid involves 10 
enzymatic reactions, only two of which are important in energy generation. In 
the first, the energy released by oxidation of an aldehyde to an acid is used to 
drive the energy-requiring addition of inorganic phosphate to the molecule 
[Eq. (7-7)]. The result is a mixed anhydride of a carboxylic acid and phos¬ 
phoric acid, which is highly reactive (i.e., unstable) and has a high phosphate 
transfer potential. 

The initial reactant is glyceraldehyde 3-phosphate, a product of a series of 
four reactions in which glucose is phosphorylated and cleaved. The following 
reaction then occurs: 


HC 

I 

HCOH + 

I 

h 2 copo 3 h 2 

glyceraldehyde 

3-phosphate 


H3PO4- 


copo 3 h 2 

I 

HCOH 

I 

h 2 copo 3 h 2 

1,3-diphospho- 
glyceric acid 


(7-7) 


The two phosphate groups of 1,3-diphosphoglyceric acid are very different in 
potential as phosphate donors. The phosphate on carbon-1 is readily lost, with 
the release of a large amount of energy, whereas that on carbon-3 is in an 
ester linkage, a much more stable, less energy-rich bond. The free energy of 
hydrolysis of the anhydride phosphate, AG', is -11,800 cal/mol, while that of 
the ester phosphate is only -2400 cal/mol. Since the free energy required to 
add phosphate to ADP is approximately 7000 cal/mol, it is possible to form 
ATP using the anhydride phosphate but not using the ester phosphate. 

In the next reaction in the same sequence, ATP is formed: 


/° 

copo 3 h 2 


/ 

COH 


HCOH + ADP -» HCOH + ATP 


(7-8) 


h 2 copo 3 h 2 

1,3-diphospho¬ 
glyceric acid 


h 2 copo 3 h 2 

3-phospho- 
glyceric acid 


In this sequence of two reactions, the oxidation of glyceraldehyde 3- 
phosphate has been coupled to ATP synthesis. The overall change in the 
amount of free energy for the coupled reactions is very small, indicating that 
essentially all of the energy produced in oxidizing 3-phosphoglyceraldehyde 
to 3-phosphoglyceric acid was stored as high-energy phosphate in ATP, where 
it is available to do work for the cell. 
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The second reaction that results ih ATP synthesis in glycolysis is a unique 
type of reaction that can be considered as an internal oxidation-reduction 
reaction. No actual reduction or oxidation of the molecule occurs; rather, a 
molecule of water is removed. This results in the destabilization of the 
phosphate group due to shifting of electrons within the molecule. The com¬ 
pound formed, phosphoenolpyruvate, has a free energy of hydrolysis of 
-14,800 cal/mol and is therefore an energy-rich phosphate donor, capable of 
phosphorylating ADP. 
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(7-9) 


(7-10) 


Again two reactions have been coupled through a common intermediate—the 
product of one being the reactant in the other—resulting in the capture of 
energy in the form of ATP. 

There are other substrate level phosphorylations, some of which we will 
examine in later chapters. All have the same common features—no electron 
transport is involved; no oxygen is involved, so that the reactions are 
anaerobic; and all proceed through the transfer of phosphate from an energy- 
rich phosphorylated derivative of the substrate to ADP (or another nucleoside 
diphosphate). 


Efficiency of energy conservation In the glycolytic pathway for catabolism of 
glucose, approximately 28 percent of the energy released when glucose is 
fermented to two molecules of lactic acid is conserved in the high-energy 
bonds of ATP. As we shall see later, in the lactic acid fermentation two molecules 
of ATP are formed per molecule of glucose fermented. The difference in free 
energy between 1 mol of glucose and 2 mol of lactic acid is 52,000 cal. The 
free energy of hydrolysis of 2 mol of ATP is 14,600 cal. Thus, the energy 
conserved may be calculated as (14,600/52,000) x 100 = 28 percent. In other 
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words, the change in free energy for the overall pathway is: 

Glucose + 2 H 3 PO 4 + 2ADP -» 2 lactic acid + 2ATP + 2H 2 0 

A G' = - 37,400 cal/mol (7-11) 

Of the 52,000 cal of free energy produced in the glycolytic conversion of 
1 mol of glucose to 2 mol of lactic acid, only 14,600 cal is captured by the 
organism, while 37,400 cal is wasted, i.e., dissipated as heat. The lactic acid 
fermentation thus achieves an efficiency of energy conversion of only 28 
percent. Its efficiency based on the total free energy available from glucose is 
much lower, however. The total combustion (oxidation) of glucose to carbon 
dioxide and water releases 686,000 cal as free energy. That is: 

Glucose + 60 2 ->6C0 2 + 6H 2 0 AG° =-686,000 cal/mol (7-12) 

Fermentation, therefore, is highly inefficient in releasing the available free 
energy of glucose, leaving most of it in the product, lactic acid. The efficiency 
of the lactic acid fermentation in utilizing the energy potentially available 
from glucose is only 2 percent (14,600/686,000) x 100 = 2 percent. This very 
low efficiency of utilization of an energy source is typical of fermentation 
(some fermentations are only half as efficient) and explains the fact that 
anaerobic organisms dependent on fermentation for energy require very large 
amounts of energy source for growth. 


ATP-limited growth It has been shown with many different anaerobic 
organisms carrying out different types of fermentations that ATP formation is 
the factor that limits growth. If a fermentative anaerobe is supplied with all of 
the amino acids, vitamins, sugars, organic bases, and other requirements to 
synthesize new cells, so that its energy source can be used exclusively for the 
production of ATP, the amount of cells produced is exactly proportional to 
the amount of ATP formed. This growth yield is Y AT p, i.e., yield based on 
ATP formed, and its value is 10 mg of cell dry weight per millimole of ATP. 
Streptococcus lactis, using glucose as energy source in a very rich medium 
containing all the required organic growth factors, will produce 20 mg (dry 
weight) of cells per millimole (180 mg) of glucose used, since it is able to 
synthesize 2 mol of ATP per mole of glucose fermented. A closely related 
species, Leuconostoc mesenteroides, ferments glucose by a different pathway 
that produces lactic acid, ethanol, and carbon dioxide in equimolar amounts 
as the end products and yields only 1 mol of ATP per mole of glucose 
fermented. It is capable of producing only 10 mg (dry weight) of cells per 
millimole of glucose fermented. In both of these organisms, as in other 
fermentative species under similar conditions, the glucose provided is used 
solely as an energy source, and none of the carbon from glucose is in¬ 
corporated into new cellular material. All of the cellular carbon is supplied by 
organic growth factors. 
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Oxidative Phosphorylation 

Organisms able to reoxidize reduced NAD or other electron carriers through 
electron transport are generally able to oxidize glucose completely, thus 
releasing all of the energy potentially available from the molecule. It is not 
necessary for these organisms to use partially oxidized products of glucose 
metabolism as electron acceptors, thereby leaving much of the potentially 
available free energy in the end products of the pathway. Rather, they are 
capable of using an external, inorganic electron acceptor. Glucose is degraded 
completely to carbon dioxide, and the electrons removed in oxidative reac¬ 
tions are transferred from the primary electron acceptor to the electron 
transport system and used finally to reduce the terminal electron acceptor, 0 2 , 
or another oxidized inorganic ion. The oxidation of glucose can still be 
considered an anaerobic process since oxygen is not involved directly and 
oxidation occurs by dehydrogenation. This anaerobic (non-oxygen-requiring) 
conversion of glucose to carbon dioxide is, however, dependent on the 
availability of NAD to accept electrons, and the degradative pathway is 
therefore coupled to the electron transport system through the oxidation and 
reduction of the common electron carrier NAD. This relationship may be 
represented for aerobic organisms using 0 2 as terminal electron acceptor by 
the overall reaction shown in Fig. 7-1. It is interesting to note that energy is 
obtained not only from the oxidation of glucose but also from the oxidation of 
six molecules of water (Wald, 1966). In fact, half of the ATP formed by 




Synthetic reactions, motion, heat 


Figure 7-1 Complete oxidation of glucose. The net equation for the reactions is 

Glucose + 60- -> 6H-0 + 6CO- 

Glucose is metabolized through the Embden-Meyerhof-Parnas pathway and the Krebs (TCA) cycle 
(see Chap. 9). In three reactions in these pathways, water is added, two molecules per molecule of 
glucose. Half of the electrons used to generate ATP through oxidative phosphorylation coupled to 
electron transport are therefore derived from glucose and half from the added water. The number of 
molecules of ATP produced per molecule of glucose, n, is 32 in mitochondria but has not been 
determined in bacteria. 
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oxidative phosphorylation in most cells is not the result of oxidation of the 
energy source. The overall reaction is quantitatively the same for all 
organisms that use these pathways of glucose catabolism if the amount of 
ATP formed is not specified. In eucaryotic cells, the amount of ATP formed 
can be predicted; n = 32. The total amount of ATP synthesized in the above 
process is 36 mol of ATP per mole of glucose, since 2 mol of ATP per mole of 
glucose is formed by substrate level phosphorylation during glycolysis and 
2 mol by substrate level phosphorylation in the Krebs cycle (see Chap. 9). For 
procaryotic cells, the net synthesis of ATP cannot be predicted. This 
difference is the result of the dissimilar electron transport systems in the two 
types of cells. All eucaryotic cells have electron transport systems neatly 
arranged within a specialized organelle, the mitochondrion, and the com¬ 
ponents of their electron transport chains are similar, if not identical. In 
procaryotes, the electron transport system is embedded in the cytoplasmic 
membrane, and there is no uniformity of components among different genera. 
However, the principles involved in electron transport and its function in 
ATP synthesis are the same regardless of the exact details of the pathway of 
electron flow. 

In our discussion of thermodynamics, we referred to the equivalence of 
chemical and electric energy demanded by the first law and illustrated this 
by expressing the free-energy change of a reaction as 

AG° = -nF AE 0 (7-4) 

Since the free energy required for the synthesis of ATP from ADP and 
inorganic phosphate under standard conditions (AG°) is approximately 
7000cal/mol, any oxidation-reduction reaction that makes available an 
amount of free energy in excess of 7000 cal can potentially be coupled to the 
formation of ATP. Using Eq. (7-4), we can calculate the value of AE 0 that 
would supply 7000 cal of free energy: 


-7000 = -2(96,500) AE 0 


A £ 0 = 


7000 cal/mol x 4.18 CV/cal 
2 x 96,500 C/mol 


= 0.15 V 


The conversion factors are: 1 coulomb-volt = 1 joule; 4.18 joules = 1 cal; or 
the relationship, 1 faraday = 23,086 cal may be used. If the value of AG for 
ATP formation under physiological conditions is used, i.e., 10,000 to 12,000 
rather than 7000, the difference in potential required for ATP synthesis may 
be as high as 0.26 V. We shall return to this required difference in redox 
potentials as we examine the sequence of electron transfers in electron 
transport systems. 


Electron transport in mitochondria In eucaryotic cells, the mitochondrion 
contains a variety of enzymes, the components of the electron transport chain 
and the ATP-synthesizing mechanism, the nature of which is not yet known. 
The enzymes vary with the specific type of cell but usually include enzymes 
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involved in oxidation-reduction reactions (dehydrogenases) for various in¬ 
termediates of carbohydrate and lipid metabolism and the enzymes of the 
Krebs (citric acid) cycle. Components of electron transport systems include 
flavoproteins, quinones, cytochromes, and iron-sulfur proteins. 

Flavoproteins are a heterogeneous group of proteins with one charac¬ 
teristic in common—the use of a flavin coenzyme, flavin adenine dinucleotide 
(FAD) (see Fig. 3-40) or flavin mononucleotide (FMN), as the electron carrier. 
Both FMN and FAD are derivatives of riboflavin (vitamin B 2 ). Some flavo¬ 
proteins also contain metals, iron or molybdenum, sulfide, and heme (Fe) 
groups. They thus have characteristics of several different electron carriers— 
simple flavoproteins, iron-sulfur proteins, and cytochromes (heme Fe)—and 
may function as “a miniature electron-transport system on a single protein” 
(White, Handler, and Smith, 1973). Some such flavoproteins may transfer 
hydrogen and electrons directly to oxygen, forming hydrogen peroxide, and 
are called oxidases. Flavoproteins such as nitrate reductase, which contains 
iron, sulfur, and molybdenum, accept electrons from other iron-sulfur pro¬ 
teins or from cytochromes and transfer them to nitrate to form nitrite. Other 
flavoproteins serve as dehydrogenases, accepting electrons and transferring 
them to other electron carriers. The flavoproteins of the mitochondria do not 
transfer electrons directly to oxygen but function as dehydrogenases. The 
flavoproteins specifically involved in electron transport in mitochondria ac¬ 
cept electrons (and protons) from NADH, from the citric acid cycle inter¬ 
mediate, succinate, or from flavoproteins that oxidize other substrates, and 
transfer electrons to other carriers of the electron transport system, quinones 
or cytochromes. 

Quinones, the most recently discovered components of the electron 
transport chain, are a family of small molecules with the structure shown in 
Fig. 7-2. The length of the side chain, i.e., the value of n, varies from 6 to 10 
depending on the cell in which the compound is found. The redox potential of 
ubiquinone is very close to that of cytochrome b, but it is probable that 
ubiquinone transfers electrons from flavoproteins to cytochromes (see below). 

The cytochromes are proteins containing iron in the form of a heme group 
like that in hemoglobin or catalase (see Fig. 7-3). The heme iron functions in 
the transfer of electrons since it can be reversibly oxidized and reduced: 

Fe 3+ ^===e Fe 2+ (7-13) 

—e 



ch 3 


Figure 7-2 Ubiquinone (coenzyme Q) oxi¬ 
dized form, n- 6 to 10, differing with the 
organism. 
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Figure 7-3 The structure of the 
heme that serves as the prosthetic 
group in the cytochromes. 


Cytochromes are readily detected spectroscopically and are classified on the 
basis of their absorption spectra and certain structural differences (Bartsch, 
1968). In mitochondria, cytochromes of three types, a, b, and c, participate in 
electron transport. Additional types of cytochromes are found in bacteria. 

Small proteins containing iron (nonheme) complexed with sulfur, in the 
same arrangement found in certain flavoproteins, also function in electron 
transport systems, particularly in bacteria. These are called iron-sulfur pro¬ 
teins. A number of such proteins have been found and, while some function in 
known ways in such processes as nitrogen fixation and photosynthesis, the 
functions of others are not understood. Some of these proteins, e.g., fer- 
redoxin, have very low redox potentials (Eo = -0.49 V) and have been called 
high-energy electron carriers for this reason (Benemann and Valentine, 1971). 

The exact order of the electron transport components in mitochondria has 
been the subject of intensive investigation in many laboratories for years, as 
has the mechanism by which electron transport is coupled to ATP synthesis. 
A scheme that appears to represent at least the major pathway for mitochon¬ 
drial electron transport is shown in Fig. 7-4. The greatest uncertainty lies in 
the relative positions of cytochrome b and ubiquinone (coenzyme Q). It is 


Flavoproteins 



NAD-► Flavoprotein -► Quinone —— cyt b - ► cyt c * cyt aa 3 -•- 0 2 

Figure 7-4 The mitochondrial electron transport chain for transfer of electrons from NAD to the 
terminal electron acceptor 0 2 . Flavoproteins reduced by organic substrates such as succinate or fatty 
acids may transfer electrons to the chain at the quinone level. Other components such as iron-sulfur 
proteins may be involved. 
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believed that a number of different flavoproteins may transfer electrons 
directly to ubiquinone, while others may transfer electrons to cytochrome b. 


Efficiency of energy conservation Table 7-2 shows E<> values for some of the 
biologically important redox systems. Using the value of A Eq calculated 
above for the synthesis of ATP, we can determine that in the mitochondrial 
electron transport system there are three possible sites for ATP synthesis. 
For the oxidation of reduced NAD by flavoprotein, the amount of fcee energy 
released can be calculated as 


-nF AEq -2(96,500)(0.32-0.06) 
4.18 4.18 


-12,005 cal/mol 


Table 7-2 Redox potentials of biological 
systems 


System 

EL V 

h + /h 2 

-0.42 

nad/nadh 2 

-0.32 

Flavoprotein ox /flavoprotein« d 

-0.06 

Ubiquinone/dihydroubiquinone 

+ 0.10 

Cyt b dx /cyt b rtd 

+ 0.05 

Cyt c ox /cyt c red 

+ 0.22 

Cyt a„ x /cyt a rcd 

+ 0.29 

Nitrate/nitrite 

+ 0.42 

o 2 /h 2 o 

+ 0.82 


Similarly, the amount of free energy available from the oxidation of cyto¬ 
chrome b by cytochrome c is approximately 8000 cal/mol and that from the 
oxidation of cytochrome a by oxygen is approximately 24,000 cal/moj. So, for 
each pair of electrons passing through electron transport from NADH 2 to 0 2 
in the mitochondrion, three molecules of ATP are synthesized. The difference 
in potential between NADH 2 and 0 2 is 1.14 V, corresponding to a total 
free-energy decrease of 52.6 kcal/mol. The energy conserved in ATP is (3 x 
7300) or 21,900 cal/mol, amounting to an efficiency of energy conservation of 
42 percent, or 68 percent if a value of 12,000 cal/mol is used for the free 
energy of hydrolysis of ATP. (It should be obvious that calculations such as 
these contain a large element of uncertainty.) 

P/O ratio While NAD, flavoprotein, and quinones accept not only electrons 
but protons as well, the cytochromes transfer only electrons. The protons are 
released by ubiquinone when electrons are transferred to cytochrome b, but 
in the final step, the reduction of 0 2 to H 2 0 by the terminal cytochrome in the 
mitochondrial system (cytochrome oxidase), both protons and electrons are 
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involved. The reaction may be written as 

2H + + 2e~ + 2 0 2 -> H 2 0 (7-14) 

We can summarize the mitochondrial electron transport system by stating 
that for each two hydrogen molecules transferred from reduced NAD to 
oxygen, three molecules of ATP are synthesized. This is commonly spoken 
of as the P/O ratio; i.e., for each atom of oxygen reduced, three molecules of 
inorganic phosphate are esterified, yielding a P/O ratio of 3.0 for oxidative 
phosphorylation coupled to electron transport in mitochondria. The P/O ratio 
is lower for electrons that enter the electron transport chain at the level of 
flavoprotein or at other points. As we shall see later, one of the dehy¬ 
drogenases of the Krebs cycle, succinic dehydrogenase, uses a flavin cofactor 
FAD, rather than NAD, as electron carrier, and the electrons removed in the 
oxidation of succinic acid enter the electron transport system at the flavopro¬ 
tein level, yielding a P/O ratio of 2.0 rather than 3.0. The two molecules of 
NADH 2 formed in glycolysis also yield two rather than three molecules of 
ATP. NADH 2 formed in the cytoplasm cannot enter the mitochondrion, and 
the electrons are transferred to another molecule that enters the mitochon¬ 
drion and is oxidized by a flavoprotein (Stryer, 1975). 

ATP synthesis and its control It was assumed for a number of years that 
oxidative phosphorylation, like substrate level phosphorylation, involved the 
formation of an energy-rich phosphorylated compound capable of transferring 
phosphate to ADP, with the energy for formation of the hypothetical inter¬ 
mediate X ~ P being derived from the oxidation-reduction reactions of elec¬ 
tron transport. A vigorous search for a compound with the functions ascribed 
to X ~ P has been unsuccessful, and other mechanisms have been proposed to 
explain the coupling of ATP synthesis to electron transport (Boyer et al., 
1977). However, there is no conclusive evidence in support of any proposed 
mechanism, although the chemiosmotic model mentioned in relation to sub¬ 
strate transport in Chap. 5 is favored by several investigators. 

The two processes, electron transport and oxidative phosphorylation, are 
tightly coupled in mitochondria. This means that one cannot proceed without 
the other. If ADP or inorganic phosphate is not available for use in oxidative 
phosphorylation, electron transport ceases. If the electron carriers, parti¬ 
cularly NADH 2 , cannot be oxidized by transferring electrons to the electron 
transport system, all reactions requiring NAD cease and the catabolism of the 
energy source cannot proceed. The situation is somewhat more complicated 
than this, but essentially the tight coupling of oxidative phosphorylation and 
electron transport controls the rate of ATP synthesis so that ATP is not 
produced in much larger amounts than needed for biosynthetic reactions or 
other energy-requiring processes. The synthesis of materials that can be 
stored and used at a later time as an energy source is one useful means of 
recycling ATP to allow oxidation of the energy source to continue in cells that 
are not growing. Humans and other animals, of course, store excess carbon 
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and energy source as fat in adipose tissue, and the synthesis of fat is 
controlled largely by the amount of ATP accumulated in the mitochondria. In 
warm-blooded animals, much of the energy source is used to generate heat; 
i.e., the free energy released is not conserved to do useful work but is used to 
maintain a constant internal temperature. 

Electron transport in bacteria Electron transport and oxidative phosphoryl¬ 
ation in bacteria dilfer in several important ways from the same processes in 
eucaryotic cells. Since bacteria have no mitochondria (being themselves 
approximately the same size as a single mitochondrion), their electron trans¬ 
port systems with associated enzymes and ATP-synthesizing apparatus are 
located in the cytoplasmic membrane. Much of the progress in research on 
electron transport and oxidative phosphorylation in mitochondria has been 
possible because the entire system can be separated from the rest of the cell, 
as isolated mitochondria, for study of these specific reactions. It has not been 
possible to do similar studies with bacteria, and the problems caused by the 
inability to study the electron transport and oxidative phosphorylation sys¬ 
tems in isolation have delayed progress in understanding bacterial respiration 
and energy metabolism. 

The great variety of components found in bacterial electron transport 
systems has also complicated the study of such systems, because no single 
organism or group of organisms can be chosen as a representative model for 
such studies. Electron transport systems in bacteria appear to be much more 
complex than the mitochondrial system. Branching is common, with electrons 
entering the electron transport chain at different levels and with more than 
one terminal oxidase, i.e., more than one electron carrier capable of transfer¬ 
ring electrons to oxygen. The situation is further complicated by the ability of 
some bacteria to use alternate final electron acceptors in the absence of 
oxygen and the need to determine what differences exist between electron 
transport pathways to oxygen and to other electron acceptors, such as nitrate, 
in bacteria that can utilize both, e.g., the denitrifying bacteria. Similar prob¬ 
lems arise in the case of bacteria that can utilize a variety of electron 
acceptors at different oxidation levels, e.g., the sulfate-reducing bacteria, 
which can use as final electron acceptor sulfate, trithionate, thiosulfate, and 
sulfite as well as fumarate (LeGall and Postgate, 1973). 

The types of electron carriers found in bacteria are in general the same as 
those found in mitochondria; i.e., both eucaryotes and procaryotes utilize 
flavoproteins, quinones, cytochromes, and iron-sulfur proteins. However, 
there are probably few bacterial species with an electron transport chain 
exactly the same as that in mitochondria. Different bacterial species contain 
different combinations of electron transport carriers and even a single bac¬ 
terial species may form different carriers or different relative amounts of the 
same carriers when grown under different conditions. The greatest variation 
occurs in the cytochromes. Whereas mitochondria contain cytochromes of the 
a, b, and c types, some bacterial species apparently may have cytochromes of 
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only one or two of these types and may have several forms of the same 
cytochrome, e.g., cytochromes c 4 and c 5 , or cytochromes ai, a 2 , and a 3 . In 
addition, bacteria often have two cytochromes not found in mitochondria, 
cytochromes o and d, which act as terminal oxidases, transferring electrons to 
oxygen. 

Despite the great variability in electron transport systems in bacteria and 
the technical difficulties involved in studying them, much progress has been 
made with a number of bacterial species. We will cite a few of these as 
examples to illustrate the differences between these and mitochondrial sys¬ 
tems and the variability within bacterial systems. Additional information is 
available in several recent reviews (Bartsch, 1968; Haddock and Jones, 1977; 
Horio and Kamen, 1970; Kamen and Horio, 1970; White and Sinclair, 1971). 

Figure 7-5 shows an electron transport system proposed for Azotobacter, 
which illustrates the branched pathways using multiple terminal oxidases, 
which appear to be common in bacteria (Cole, 1976). 

Although P/O ratios have not been determined accurately in bacteria, it is 
proposed that the pathway to cytochrome ai or o contains three sites for 
energy conservation, i.e., three sites at which ATP synthesis is coupled to the 
transfer of electrons, whereas the pathway to cytochrome d contains only two 
such sites. Figure 7-6 shows a proposed pathway for electron transport to 
oxygen in Escherichia coli, which contains at least nine different cytochromes 
and two different quinones (Haddock and Jones, 1977). 

Several advantages may result from having alternate pathways of electron 
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Figure 7-5 Possible branched path of electron flow in Azotobacter , with proposed sites of ATP 
synthesis. ( Adapted from Cole, 1976.) 
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Figure 7-6 Possible branched pathway of electron transport in Escherichia coli. (Adapted from 
Haddock and Jones. 1977.) Sites of ATP synthesis are uncertain, but there are probably two. 



FORMATION OF ATP 329 


transport. One may be the ability to continue to function in the presence of 
inhibitors that completely block electron transport in mitochondria. Cyto¬ 
chromes ai and o, like the cytochrome oxidase of mitochondria, are inhibited by 
low concentrations of cyanide, for example, whereas cytochrome d is rela¬ 
tively insensitive to cyanide. Cytochrome a 2 , found in some bacteria, is also 
resistant to cyanide. Differences in affinity for oxygen may also be important 
to bacteria, since they are frequently exposed to environments with very 
different oxygen tensions. It is known that large differences in cytochrome 
content result from growth with high or low aeration rates. A species of 
Achromobacter grown at low aeration rates forms less cytochrome o than 
when grown at high aeration rates. In the two electron transport systems 
shown above for Azotobacter and E. coli, the pathway to oxygen through 
cytochrome d is used at low oxygen tensions and that through cytochrome o, 
which has a lower affinity for oxygen, at high oxygen tensions. The ability to 
switch from one pathway of electron transport to another, depending on 
environmental conditions, may have considerable survival value for bacteria. 

Anaerobic electron transport Although the mitochondrial electron transport 
system can utilize only oxygen as terminal electron acceptor, bacteria are 
more versatile. As we have mentioned previously, some bacteria that use 
oxygen as terminal electron acceptor when it is available are able to use 
nitrate or possibly one of the more reduced forms of nitrogen—nitrite, NO?, 
nitrous oxide, N 2 0, or nitric oxide, NO—as an alternative terminal electron 
acceptor in the absence of oxygen. Figure 7-7 has two proposed schemes for 
electron transport systems using NOl as terminal electron acceptor. Organisms 
that can use NO 3 in this way are found in several different genera, and their 
activities are ecologically and economically important. We will discuss them in 
more detail below. 

Other terminal electron acceptors used by some bacteria are carbon 
dioxide and sulfate and some of its reduced products. Organisms using these 
are specialized groups that cannot use either oxygen or nitrate as terminal 
electron acceptor and are strict anaerobes, usually killed by exposure to 
oxygen. 



NAD — Flavoprotein * Quinone • cyt b,s 9 * Nitrate * NO 3 

reductase 

Figure 7-7 Two proposed schemes for flow of electrons from NAD to the terminal electron acceptor 
NOj. (Top) Proposed for Escherichia coli. (Adapted from Haddock and Jones, 1977.) ( Bottom ) 
Proposed for Klebsiella aerogenes. (Adapted from Stouthamer, 1976.) 
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The sulfate-reducing bacteria belong to two genera, Desulfovibrio, a 
Gram-negative non-spore-forming curved rod, and Desulfotomaculum, a 
Gram-negative spore-forming rod. The group contains psychrophilic and 
thermophilic as well as mesophilic species and both fresh- and salt-water 
species, so they are widespread in nature. All use organic compounds as 
carbon and energy source, but some can oxidize hydrogen as energy source. 
Electrons removed from hydrogen or an organic energy source are used to 
generate ATP through oxidative phosphorylation coupled to electron trans¬ 
port. Electron carriers are similar to those found in aerobic organisms; b, c, 
and d type cytochromes, quinones, flavoproteins, and three high-energy 
iron-sulfur proteins, ferredoxin, flavodoxin, and rubredoxin, have been found 
in species of Desulfovibrio. The sequence of carriers involved in electron 
transport to sulfate is not known. A recent review by LeGall and Postgate 
(1973) offers an excellent discussion of the physiology of these bacteria and 
their ecological and economic importance. They are responsible for odors in 
marine or brackish water, muds, and other environments with high sulfate 
content, since they reduce sulfate to hydrogen sulfide, which is not only 
unpleasant but also highly toxic to both plant and animal life. They have been 
implicated in the corrosion of metals, although the mechanism of corrosion is 
not understood. Their ability to use sulfate as terminal electron acceptor 
under anaerobic conditions forming elemental sulfur, hydrogen sulfide, or 
metallic sulfides is important in many environments and constitutes one 
reductive portion of the natural sulfur cycle, the other portion being carried 
out by organisms that use sulfate as a source of sulfur, reducing it to the 
sulfhydryl, -SH, level (assimilatory reduction). Organisms that use carbon 
dioxide as terminal electron acceptor also presumably generate ATP by 
oxidative phosphorylation coupled to electron transport, although they have 
not been shown to contain cytochromes and the electron carriers have not 
been identified. These bacteria (the methane bacteria) are difficult to study in 
the laboratory because of their extreme sensitivity to oxygen and the difficulty 
of isolating and maintaining pure cultures. Their ability to use hydrogen as a 
source of electrons for the reduction of carbon dioxide to methane is 
important in recycling carbon to the atmosphere from anaerobic environ¬ 
ments, since methane is highly volatile and is much less soluble in water than 
is carbon dioxide. The role of these bacteria in the anaerobic digestion of 
wastes will be discussed in Chap. 11. 

ATP yields and uncoupling of ATP formation and use The ATP yield for 
oxidative phosphorylation coupled to electron transport using terminal elec¬ 
tron acceptors such as nitrate, sulfate, or carbon dioxide is not known, for the 
same reasons that P/O ratios for aerobic respiration have not been determined 
with certainty. It is believed that electron transport to nitrate yields less ATP 
than that to oxygen, because less growth is obtained for the same organism 
using NOj as electron acceptor as compared with that using oxygen (Stou- 
thamer, 1976). The ATP yield for electron transport to sulfate or carbon 
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dioxide is also assumed to be low since these organisms grow rather slowly. 

The tight coupling between electron transport and oxidative phosphoryl¬ 
ation found in mitochondria has not been shown in bacteria (Forrest and 
Walker, 1971), but experiments of the type that demonstrate such coupling in 
mitochondria are not possible with bacteria. In anaerobic fermentative bac¬ 
teria, the production of ATP limits growth, as shown by the constant Y ATP 
for fermentation. Aerobic bacteria, however, are probably able to produce 
ATP in greater amounts than required for the biosynthetic reactions asso¬ 
ciated with growth, but even that statement cannot be made with certainty 
because of the many problems involved in making such determinations. Since 
respiration, i.e., utilization of oxygen, may proceed as rapidly in cells that are 
unable to grow because of the absence of an essential nutrient such as 
nitrogen as it does in growing cells, bacteria certainly have means of uncoup¬ 
ling growth and respiration. If ATP synthesis and respiration, i.e., electron 
transport, are tightly coupled, then there must be mechanisms by which the 
ATP synthesized can be utilized to supply ADP for use in oxidative phos¬ 
phorylation. Some such mechanisms are known. 

Many bacteria are capable of synthesizing one or more polymers that 
serve as a reserve of carbon and/or energy (Dawes and Senior, 1973). 
Glycogen-like polymers require ATP for synthesis, and the storage of gly¬ 
cogen thus serves both to regenerate ADP and to allow the cell to store 
carbon source in an environment where carbon and energy are available but 
nitrogen, for example, is not. This process, called oxidative assimilation, can 
be used to advantage in the treatment of nitrogen-deficient industrial wastes, 
as we shall see in Chap. 10. The polymeric form of inorganic phosphate, 
polyphosphate or volutin, which is stored by many cells, may serve as an 
energy store since the phosphate-phosphate anhydride bonds are of the same 
type and energy content as those in ATP. Whether it is used as a means of 
storing energy or simply as a store of inorganic phosphate, it also serves as a 
mechanism for recycling ATP that is not required for growth. Poly-/3- 
hydroxybutyrate does not require ATP directly in its synthesis, but it does 
require NADH 2 and acetyl-CoA, which would otherwise generate ATP. It has 
also been proposed that bacteria may simply waste energy that cannot be 
used for biosynthetic reactions by hydrolyzing ATP, releasing the energy as 
heat. Another possible means of partial uncoupling of respiration and biosyn¬ 
thesis would be the use of alternate electron transport pathways in which 
there are fewer sites of oxidative phosphorylation. 


Photo phos phory lation 

The synthesis of ATP in photosynthetic organisms, like that in aerobic chemo- 
trophs, is coupled to electron transport, and, as in the case of oxidative 
phosphorylation, the mechanism of coupling is unknown. For all photosyn¬ 
thetic organisms except one group of bacteria, carbon dioxide serves as the 
sole source of cellular carbon, and the synthesis of cell material from carbon 
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dioxide requires ATP and “reducing power,” i.e., hydrogen (electrons) in the 
form of NADPH 2 . The electron transport systems of these organisms supply 
both. 

Oxygenic and anoxygenic photosynthesis There are two types of photosyn¬ 
thesis that are related to the source of reducing power used by the organism. 
In oxygenic photosynthesis, water serves as the source of reducing power 
(electron donor) and oxygen is produced as a by-product. The equation for 
the photolysis of water is 

2H 2 0 -» 0 2 + 4H + + Ae~ (7-15) 

Oxygenic photosynthesis is carried out by green plants, algae, and cyanobac¬ 
teria (blue-green algae). 

Bacterial photosynthesis is anoxygenic, i.e., no oxygen is produced; 
indeed, bacterial photosynthesis occurs only in the absence of oxygen. Those 
species of bacteria that are obligately photosynthetic are strict anaerobes. In 
bacterial photosynthesis, reducing power is supplied by reduced inorganic 
compounds or, in one group of bacteria, by organic compounds such as 
acetate or malate. Many photosynthetic bacteria are able to use molecular 
hydrogen, H 2 , as electron donor. Reduced sulfur compounds, or elemental 
sulfur, are used by the green and purple bacteria; e.g., 

H 2 S S° + 2H + + 2e (7-16) 

Function of photosynthetic pigments Oxygenic photosynthesis involves two 
reaction centers for the capture of light, photosystems I and II, whereas only 
photosystem I is found in bacteria. Photosystem II is responsible for the 
photolysis of water, which does not occur in bacteria. 

The initial step in photosynthesis is the absorption of light by the antenna 
pigments of the photosystem. This assembly of light-harvesting pigments 
includes chlorophylls and, in most organisms, carotenoids and phycobilins, 
the numbers and types of pigments varying with the organism. These pig¬ 
ments are complexed with proteins and are located in the membranes of the 
chloroplast in eucaryotes or in the invaginated membranes of the procaryotes. 
Each photosystem contains a special type of chlorophyll, the reaction center 
chlorophyll, which is involved directly in the initiation of electron transport. 
Light energy absorbed by the light-harvesting pigments is transferred to the 
reaction center chlorophyll, which loses an electron to become positively 
charged. The electron ejected from the excited reaction center chlorophyll 
has a very high energy level. It reduces an electron carrier and is then 
transferred through the electron transport system, generating ATP by coupled 
phosphorylation of ADP. 

Cyclic and Noncyclic Photophosphorylation In organisms that carry out oxy¬ 
genic photosynthesis, two types of photophosphorylation may occur (see Fig. 
7-8). Cyclic photophosphorylation generates ATP but does not provide 
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Figure 7-8 Electron transport in photosynthesis. 


reducing power and requires only photosystem I. In noncyclic photophos¬ 
phorylation, both photosystems I and II are required and both ATP and 
reducing power, in the form of NADPH 2 , are provided. 

In cyclic photophosphorylation, as the name implies, the electron lost 
from the reaction center chlorophyll passes through the electron transport 
chain and returns to the chlorophyll from which it originally came. 

When electrons ejected from the reaction center chlorophyll are used to 
reduce NADP to NADPH 2 (noncyclic electron flow), they must be replaced 
by electrons from the hydrogen donor, water. The reaction center chlorophyll 
of photosystem II is excited by the transfer of energy from its associated 
antenna pigments and loses an electron, which is transferred through electron 
carriers to the reaction center chlorophyll of photosystem I. The chlorophyll 
of photosystem II now requires an electron to replace that lost to photosys¬ 
tem I, and this is supplied by an electron from water. 

In this noncyclic photophosphorylation, the direction of flow of electrons 
is the reverse of that in oxidative phosphorylation, where electrons flow 
downhill from the more electronegative NADH 2 (E6 = -0.32) through suc¬ 
cessively less negative electron carriers and finally to oxygen to form water 
(Eo = +0.82). Electron flow in photosynthesis actually results in the reduction 
of NADP by water. This is thermodynamically impossible without the input 
of energy, and that energy is furnished by light, which boosts the redox 
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potential of the electrons ejected from the reaction center chlorophyll so that 
the flow of electrons is actually downhill (in terms of energy) from reaction 
center I to NADP, from reaction center II to reaction center I, and from 
water to reaction center II, which after losing an electron has an E6 value of 
+ 1.0 and can therefore be reduced by water (Eo = +0.82). ATP synthesis is 
coupled to the transfer of electrons between photosystem II and photosystem 
I; at least part of the same electron transport chain functions in cyclic 
photophosphorylation, so that ATP is synthesized by both cyclic and noncy- 
clic electron transport. However, it is probable that cyclic photophosphoryl¬ 
ation is of little importance in organisms that carry out oxygenic photosyn¬ 
thesis and functions only as a shunt mechanism when NADP is unavail¬ 
able (Lehninger, 1975). 

Bacterial photosynthesis involves cyclic electron transport and photo- 
phosphorylation. Bacteria have only one type of reaction center, photosystem 
I. It is still a matter of some controversy whether bacteria are able to carry 
out noncyclic photophosphorylation. If this occurred, it would require a 
mechanism different from that in oxygenic photophosphorylation, since the 
photosystem responsible for the photolysis of water is absent in bacteria. It is 
tempting to conclude, based on the obvious similarity of Eqs. (7-15) and 
(7-16), that the mechanism of generation of ATP and NADPH 2 is the same in 
all photosynthetic organisms, the only difference being the identity of the 
electron donor. However, an alternate possibility exists and is supported by 
several investigators (and some rather convincing evidence). This requires the 
reversal of electron flow by energy derived from ATP. 

Reverse electron transport It is possible to reverse the flow of electrons 
through a series of electron carriers by the application of energy from an 
external source (Peck, 1968). As we stated in our earlier discussion of 
thermodynamics, a reaction with a positive free-energy change cannot pro¬ 
ceed spontaneously but must be driven by an input of external energy. Thus, 
in the normal course of events, electrons flow from NADH 2 (£6 = -0.32) to 
cytochrome c (Eo = +0.22). The difference in potential is sufficient to generate 
ATP. If ATP is hydrolyzed and releases its free energy, and this energy can 
be coupled to the electron transport system, electrons can be made to flow 
uphill; i.e., cytochrome c can transfer electrons to NAD or NADP to form the 
reduced pyridine nucleotide. This has been demonstrated experimentally and 
is called reverse electron transport. Therefore, if a sufficient supply of ATP is 
available, it is not necessary to utilize light energy directly in the generation of 
NADPH 2 . Since the supply of ATP available to a photosynthetic bacterium 
from cyclic photophosphorylation should be limited only by the availability of 
light, it should be possible to generate NADPH 2 by reverse electron transport 
powered by the ATP generated by light-dependent cyclic photophosphoryl¬ 
ation. If hydrogen (E6 = -0.42) serves as the electron donor, no ther¬ 
modynamic problem exists, since the H 2 /H + couple is sufficiently electroneg¬ 
ative to reduce NADP. However, other electron donors such as thiosulfate, 
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which can be used by some photosynthetic bacteria, have less negative redox 
potentials and cannot reduce NADP without input of energy from ATP. 

This problem is shared by the aerobic organisms that obtain energy from 
the oxidation of inorganic compounds and use carbon dioxide as the sole 
source of cellular carbon. In these nonphotosynthetic organisms, e.g., in 
Nitrobacter, which can use nitrite as energy source (electron donor), light 
energy cannot be used to generate reducing power for the reduction of carbon 
dioxide. Electrons removed from nitrite (J5o = +0.42) cannot be used to 
reduce NADP (Eo= -0.32) but can reduce other electron carriers with more 
positive redox potentials and generate ATP, which then can be used to 
reverse electron transport for the reduction of NADP. 

It appears reasonable that all bacteria that use carbon dioxide as carbon 
source, whether the energy source is light or an inorganic chemical com¬ 
pound, use ATP to reverse electron transport for the reduction of NADP. 
ATP would be synthesized by reactions coupled to cyclic photophosphoryl¬ 
ation in photosynthetic bacteria and to oxidative phosphorylation in 
organisms that oxidize inorganic energy sources. 


ENERGY GENERATION AND THE ENVIRONMENT 

As we stated at the beginning of this chapter, the processes by which 
microorganisms obtain and store energy are intimately related to the carbon- 
oxygen cycle and are therefore a vital factor in our life-support system. The 
algae and the blue-green bacteria use light as energy source and help to supply 
other organisms, including humans, with oxygen and organic matter, which 
enters the food chain and can serve as a source of chemical energy. Micro¬ 
organisms that use chemical energy affect the environment in a variety of 
ways, depending on the specific energy source used and the way it is utilized. 

Reactions related to energy generation probably have a greater direct 
effect on the environment than do reactions related to growth, because 
energy-yielding reactions create by-products of metabolism that are released 
into the environment. Nutrients required for growth are used consumptively; 
i.e., they are converted to cellular material so that the product of their 
consumption is new biomass. The use of the energy source is noncon¬ 
sumptive. The energy source is converted to metabolic products, which are 
released or excreted by the cell. Some of these products are important in the 
recycling of elements; for example, carbon dioxide is the product of energy 
generation in aerobes using organic energy sources, and its production and 
release are essential to the maintenance of the carbon cycle. If the energy 
source is inorganic, the products of its oxidation may have a significant 
influence on the environment. We have mentioned one example of this—the 
formation of sulfuric acid as a result of the use of hydrogen sulfide as an 
energy source. 

Oxidation of the energy source, as we have pointed out, requires that the 
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H + and electrons removed be transferred to an electron acceptor, and this 
also creates metabolic by-products that are released into the environment. In 
organisms using oxygen as the terminal electron acceptor, the product is 
water, and the energy metabolism of these organisms affects the environment 
primarily by the consumption of oxygen (BOD exertion). Use of sulfate as 
terminal electron acceptor results in the formation of hydrogen sulfide, which 
is odorous and toxic. Organisms that use organic electron acceptors affect the 
environment by converting the energy source to a variety of organic com¬ 
pounds. These affect other organisms, e.g., by lowering the pH or by serving 
as carbon or energy sources for other species. 

Utilization of a chemical energy source, whether organic or inorganic, 
thus leads to release from the cell of both the reduced electron acceptor and 
the products of metabolism of the energy source. These conversions of 
energy source and electron acceptor to metabolic by-products are important 
in the carbon-oxygen cycle and in the cycles of other elements. Nitrogen is a 
unique element in that, in different inorganic forms, it serves as a major 
requirement for growth, as an energy source, and as an electron acceptor. An 
examination of some of the interconversions of nitrogen compounds by 
different organisms that use the various forms of the element for different 
purposes will illustrate the importance of energy-generating reactions to the 
nitrogen cycle and the effects of these reactions on the environment. 

Energy and the Nitrogen Cycle 

Bacteria that can use nitrate as an alternate electron acceptor generally do so 
only in the absence of oxygen or at very low oxygen tensions, although a few 
bacteria apparently can utilize oxygen and nitrate simultaneously. In most 
bacteria, the enzyme nitrate reductase, which transfers electrons to nitrate, is 
not formed in aerobic environments and, if already present in the cell, is 
inhibited by oxygen. The reduction of nitrate to nitrogen gas, which results in 
loss of nitrogen from soil and water, is called denitrification. Many bacteria 
that can reduce nitrate are not denitrifiers, since they reduce nitrate only to 
nitrite. Other bacteria may then reduce nitrite further, since nitrite is also 
utilizable by some bacterial species as a terminal electron acceptor. Nitrous 
oxide, N 2 0, which is formed as a product of reduction of either nitrate or 
nitrite by some species, is also gaseous and escapes to the atmosphere. 
Under acid conditions, nitrite may be decomposed nonbiologically to form 
nitric oxide, NO, another gaseous product. 

Denitrification is a process of considerable ecological importance with 
both beneficial and nuisance effects, depending on the circumstances under 
which it occurs. As an important part of the nitrogen cycle, denitrification is 
necessary for recycling nitrogen to the atmosphere. Denitrification, alone or in 
combination with nitrification, is also important in the removal of nitrogen 
from water, where the presence of inorganic nitrogen compounds in excessive 
amounts may cause several types of problems. 
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Inorganic nitrogen compounds may be introduced into water in a number 
of ways: (1) pollution by domestic wastes and by many industrial wastes; (2) 
runoff, particularly from fertilized land; (3) fixation of nitrogen by aquatic 
microorganisms, primarily cyanobacteria; and (4) rainfall, which washes 
gaseous nitrogen compounds from the air. Some of the nitrogen that reaches 
surface waters is in the organic form, and nitrogen fixation also produces 
organic nitrogen compounds, the nitrogen-containing components of the 
organisms that utilize N 2 as their nitrogen source. Organic nitrogen com¬ 
pounds are decomposed by bacteria and fungi, and at least part of the 
nitrogen is generally released as ammonia. Nitrogen-fixing microorganisms 
that are not consumed by large organisms die and are decomposed by other 
microorganisms, often in the bottom muds, again releasing ammonia. 
Ammonia, then, can originate from the decomposition of organic matter in 
water or can be introduced into the water by runoff or rainfall or as a 
component of domestic or industrial wastes. 

Other inorganic nitrogen compounds, primarily nitrate, are also intro¬ 
duced into surface waters by rainfall, by runoff, and in waste streams. As we 
shall discuss later, nitrogen compounds more reduced than nitrate are oxi¬ 
dized to nitrate by bacteria that utilize these compounds as energy source. 
Such bacteria are strict aerobes, using NH4, for example, as energy source 
and transferring the electrons removed from NH4 to oxygen as terminal 
electron acceptor through electron transport coupled to ATP synthesis by 
oxidative phosphorylation. In water containing dissolved oxygen, NH4 may 
be converted to nitrite and then to nitrate by bacterial oxidation. Consumption 
of oxygen for this purpose is the basis of the nitrogenous BOD. NHJ, it 
should be remembered, is also utilizable as a nitrogen source by most 
microorganisms—bacteria, fungi, and algae—so that there are two competing 
processes for utilization of NHJ, i.e., conversion to organic cell material 
C assimilation ) and oxidation to nitrite and nitrate ( nitrification ). Since the 
organisms that oxidize ammonia can use carbon dioxide as sole carbon 
source, while other microorganisms that can only assimilate ammonia require 
organic carbon sources, the availability of organic material and other required 
nutrients may determine which process proceeds most rapidly. 

The further transformations of inorganic nitrogen compounds also 
involve competing processes and depend on other factors. Nitrate, and to a 
lesser extent nitrite, can serve as nitrogen source for aquatic plants, algae, 
most fungi, and a number of bacterial species. As in the case of ammonia, the 
assimilation of nitrate requires that other nutrients, including carbon and 
energy sources, be available. The inorganic nitrogen assimilated in the form of 
nitrate, as in the case of ammonia, remains in the system as organic nitrogen 
and is subject to recycling through ammonia. Only nitrogen that is converted 
to gaseous products by denitrification is recycled as atmospheric nitrogen. All 
microorganisms that are capable of using nitrate or nitrite as terminal electron 
acceptor can also use oxygen and will use nitrate or nitrite only at low oxygen 
tension or in the absence of oxygen. These are also, with few exceptions, 
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organisms that require organic carbon and energy sources. The requisite 
conditions for denitrification, then, are low dissolved oxygen concentration or 
anaerobiosis and the presence of required nutrients. It is possible, however, 
that denitrification may proceed to a considerable degree in the absence of 
nutrients other than an energy source, i.e., an oxidizable compound that 
furnishes electrons for the reduction of nitrate. As we have mentioned, 
bacteria can uncouple respiration and synthesis and can therefore utilize an 
energy source in the absence of growth. For denitrification under these 
conditions to be significant, a large population of denitrifying bacteria would 
be required initially since no increase in numbers could occur. 

While low concentrations of usable nitrogen compounds are necessary to 
maintain the food chain in surface waters, ammonia, nitrate, and nitrite may 
cause undesirable effects if present in higher concentrations. If other required 
minerals are present, e.g., phosphorus, excess nitrate may lead to the growth 
of aquatic plants, and nitrate or ammonia may support “blooms” of algae. The 
oxidation of ammonia by nitrifying bacteria may deplete the dissolved oxygen 
supply, leading to fish kills and other harmful results. Ammonia itself is toxic 
to many aquatic organisms in concentrations of less than l.Omg/L. Nitrite in 
drinking water causes methemoglobinemia in infants (“blue babies”) by 
combining with hemoglobin so that it cannot carry oxygen. This is a poten¬ 
tially fatal reaction. Nitrate in drinking water may be converted to nitrite by 
bacteria in the infant’s intestine and produce the same effects. 

Nitrite may also react with various amines to form nitrosamines, which 
are carcinogenic agents. Nitrate ingested in food or water may be used as 
electron acceptor by bacteria in the intestine, and the nitrite formed may then 
form nitrosamines. 

The Environmental Protection Agency (EPA) has placed limits on the 
concentrations of all these ions in various types of water. The maximum 
allowable concentrations are shown in Table 7-3. 


Table 7-3 Maximum allowable concentrations of inorganic 
nitrogen compounds 



Fresh water 

Marine water 

Public water supply 

nh 3 

0.02 mg/L 

0.4 mg/L 

0.5 mg/L 

no; 

ioo mg/L no; +no; 

— 

10 mg/L 

no; 

10 mg/L 

— 

1 mg/L 


As we pointed out in Chap. 2, biological treatment processes are 
engineered systems designed to carry out, on shore, reactions that would 
otherwise occur in the receiving water. All the transformations of inorganic 
nitrogen that occur in polluted waters can and do occur in various forms of 
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biological waste treatment. In the biological treatment of wastes containing 
nitrogen in excess of the Cl N ratio needed for synthesis of cellular material, 
nitrification converts excess NHI to nitrate if im„ is sufficiently low. In 
secondary settling tanks under quiescent conditions, the supply of dissolved 
oxygen may be exhausted, and if denitrifying organisms are present in 
sufficient numbers, the formation of nitrogen gas may cause flotation of the 
sludge, i.e., a rising sludge. This leads to loss of solids in the effluent, one of 
the harmful effects of denitrification. 

Rising sludge is a nuisance in places other than settling tanks. Sludges 
formed at the bottom of lakes, ponds, and other bodies of water may also rise 
if denitrification occurs when the oxygen supply is exhausted due to microbial 
activity. 

Enforcement of the EPA standards for concentrations of inorganic 
nitrogen compounds in water may make it necessary to use denitrification as a 
means of removing excess nitrate from effluents before discharge. Nitrogen in 
excess of that needed for growth of the biomass in an aerobic treatment plant 
can be converted to NOI by nitrifying bacteria. Then, by separate anaerobic 
processing, the NOI is converted to nitrogen gas by denitrifying bacteria. 
However, since the organic substrates were removed in the preceding aerobic 
treatment, it is usually necessary to add a carbon and energy source. Since 
nitrogen does not form insoluble compounds, it is not readily removed by 
physical-chemical methods, and biological removal seems to be the most 
feasible method available. Excess nitrogen in the form of ammonia can be 
stripped from solution under alkaline conditions. 

An economically important aspect of denitrification is its occurrence in 
soil. Nitrate is an excellent source of nitrogen for plants and has been used in 
fertilizers for many years. However, it is rapidly leached from the soil— 
accounting for much of the nitrate content of waters receiving runoff. If 
organic matter is available and if the oxygen supply is depleted because of 
waterlogging or microbial activity, a very significant amount of nitrate added 
as fertilizer can also be lost by the activity of denitrifiers in the soil. 

In summary, it should be apparent that the maintenance of the nitrogen 
cycle, which was shown in Fig. 1-3, is dependent on the energy-generating 
metabolism of two groups of bacteria, the nitrifiers and the denitrifiers. Once 
inorganic nitrogen has been assimilated into organic matter at the reduction 
level of ammonia, it must be oxidized to NOI or NOI before being reduced to 
a gaseous form that can return to the atmosphere. The nitrifying bacteria use 
NHJ and NOI as energy source, oxidizing them to NOI. The denitrifying 
bacteria, using organic compounds as energy source, pass the electrons to 
NOI as terminal electron acceptor and form N : , which returns to the atmos¬ 
phere. While these reactions may have undesirable or harmful ecological 
effects, depending on the location in which they occur, they are as necessary 
to our life-support system as is the fixation of nitrogen, which is vital for our 
food supply. 
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PROBLEMS 

7-1 A Gl, for the hydrolysis of glucose 6-phosphate at pH 7.0 and 25°C is -3.3 kcal/mol (see Table 
7-1): 

Glucose 6-phosphate + HiO^ glucose + H3PO4 AGo = -3.3 kcal/mol 
Calculate the equilibrium constant K etl for the reaction. 

7-2 The enzyme glucose phosphate isomerase catalyzes the reversible conversion of glucose 
6-phosphate to fructose 6-phosphate: 

Glucose 6-phosphate ^ fructose 6-phosphate 

If the enzyme is added to a 30-mmol solution of glucose 6-phosphate at pH 7.0 and 25°C, and the 
reaction is allowed to proceed to equilibrium, it is found that two-thirds of the glucose 

6- phosphate has been converted to fructose 6-phosphate. Calculate K cq and AGo for the reaction. 

7- 3 Using the redox potentials in Table 7-2, calculate the free-energy change involved in the 
oxidation of cytochrome b by nitrate. Is this sufficient to allow the formation of ATP if the 
transfer of electrons can be coupled to phosphorylation? 

7-4 If an organism using nitrate as terminal electron acceptor synthesizes 2 mol of ATP per mole 
of NADHi, what is its efficiency of energy conservation? 

7-5 What groups of bacteria must use reverse electron transport? Explain why it is necessary. 
7-6 What are the possible advantages to bacteria of alternative electron transport pathways to 
oxygen? 

7-7 An anaerobe that ferments glucose by a pathway that forms 2.5 mol of ATP (net) per mole of 
glucose is inoculated into a medium containing 2000 mg/L of glucose and sufficient peptone and 
yeast extract to supply its needs for biosynthesis. Calculate the maximum amount of cells (dry 
weight) that could be produced if all the glucose were used as energy source. 

7-8 Discuss the advantages and disadvantages of designing and operating an activated sludge 
aerator to deliver a “nitrified” effluent, i.e., one in which all inorganic nitrogen is in the form of 
nitrate. 

7-9 List all the interconversions of the various forms of nitrogen (inorganic and organic) that are 
brought about by microorganisms. Divide these into three groups: (a) those that occur only under 
aerobic conditions; (6) those that occur only under anaerobic conditions; and (c) those that may 
occur either aerobically or anaerobically. 

7-10 What are the three mechanisms by which microorganisms form ATP? Under what con¬ 
ditions does each mechanism function? 

7-11 Why is it thermodynamically impossible for electrons from water to reduce NADP without 
an input of energy? Explain how this is accomplished. 

7-12 List the differences between the two groups of photosynthetic microorganisms, i.e., those 
with plant-type and those with bacterial photosynthesis. 
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CHAPTER 

EIGHT 


METABOLIC CLASSIFICATION OF 
MICROORGANISMS 


It is desirable in any science to utilize classification wherever possible to 
enhance learning and communication by organizing information in some 
logical manner. Just as the chemist classifies certain molecules as carbo¬ 
hydrates and others as proteins, living organisms must be grouped according 
to common characteristics that we hope will indicate relationships based on 
common origins. Taxonomy is the branch of biological science that seeks to 
discover relationships between living organisms so that a natural system for 
their classification can be devised. 

For the higher organisms, the plants and animals, the following graded 
series or hierarchy of groupings is used: 

Kingdom 

Phylum (or division) 

Class 

Order 

Family 

Genus 

Species 

Attempts to apply this hierarchy to microorganisms generally lead to many 
difficulties, especially in the case of bacteria. In most groupings of bacteria, 
the highest category recognized is the family. Orders are recognized for some 
groups of bacteria, and in others genera are not even grouped into families. 
In one family, genera have been grouped into tribes. In short, classification of 
bacteria uses no completely consistent scheme. We shall use the terms order, 
family, genus, and species where appropriate. The significance of these terms 
as applied to microorganisms is the same as when they are used to classify 
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higher organisms; that is, a genus is a group of related species, a family is a 
group of related genera, etc. Relationship is judged on the basis of common 
characteristics. 

The two general types of characteristics useful to the taxonomist are 
structural details (morphology) and physiology. The taxonomic study of 
microorganisms is especially difficult because their small size requires micro¬ 
scopic examination (and many bacteria have no distinctive morphological 
characteristics), while study of their physiology generally requires that they 
be grown in pure culture in the laboratory. The taxonomy of eucaryotic 
microorganisms is based primarily on morphological differences since their 
cellular structures are complex and well differentiated, whereas the bacteria 
are classified on the basis of morphology in some cases and physiology in 
others. The taxonomic schemes presently used for the procaryotic micro¬ 
organisms are constantly being revised as more is learned about their bio¬ 
chemistry and physiology and as the electron microscope allows more 
detailed study of cellular structure. 

We do not intend to present an extensive review of microbial taxonomy. 
The identification of most organisms, particularly of eucaryotes, at the species 
level requires specialized expertise and much laboratory experience, and the 
identification of most microbial species should seldom be attempted by those 
not trained to do so. It is possible, however, to take a broader approach to 
classification by defining categories of microorganisms based on their 
metabolic capabilities. Since these capabilities determine the types of 
environments in which microbial species can flourish, it is important and 
useful to the environmental engineer and scientist to be familiar with these 
groups and with some of the more common genera and species included in 
each group. This information, combined with the ability to recognize the 
distinguishing morphological characteristics of various types of micro¬ 
organisms under the microscope, is valuable in many situations. 

Periodic microscopic observation of the biomass and notation of the 
predominating forms and particularly of changes in predominating types are 
useful tools when correlated with chemical and biological tests for assessing 
the condition of the treatment plant as well as that of the receiving stream. 
Such data as the sizes of floes, types of organisms included in the floes, types 
and relative numbers of filamentous organisms, and types and relative num¬ 
bers of protozoa may often warn of an impending upset in the operation of a 
treatment plant if base-line data from periods of normal operation are avail¬ 
able. 


THE BROAD METABOLIC GROUPS 

In Chap. 5 we discussed the nutritional requirements of microorganisms and 
their importance in the selection of microbial species. While the presence or 
absence of a specific growth factor requirement or a specific utilizable carbon 
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Table 8-1 Broad metabolic groups 

Carbon source 


Inorganic 

Autotroph 

Organic 

Heterotroph 

Energy source 


Chemical 

Chemotroph 

Light 

Phototroph 

Electron donor 


Inorganic 

Lithotroph 

Organic 

Organotroph 


source may determine whether an individual species can proliferate in a 
specific environment, broader considerations determine whether any members 
of a genus or family are capable of proliferating under a given set of 
conditions. It is these criteria that we will consider as general determinants of the 
ecological distribution of microorganisms. 

The three nutritional requirements of microorganisms that are quan¬ 
titatively most important are the carbon source, the energy source, and the 
electron donor. These, along with the electron acceptor, are determined by, 
and therefore indicative of, the enzymatic makeup of the cell. In other words, 
the metabolic capabilities of any organism may be broadly described by a 
classification based on these nutritional categories (see Table 8-1). 

The two broad categories of carbon sources available to living organisms 
are organic and inorganic. Organisms that require organic compounds as their 
sole or principal source of carbon for synthesis of cell material are classified 
as heterotrophs, while those that can use carbon dioxide as the sole or 
principal carbon source are autotrophs. Organisms may obtain energy either 
from light or by oxidation of chemical compounds. Those that utilize light 
energy are phototrophs, while those that oxidize organic or inorganic com¬ 
pounds are chemotrophs. The electron donor may be organic or inorganic. 
Organisms that use an organic compound as a source of electrons are 
organotrophs, while those that use an inorganic electron source are litho- 
trophs. These categories are usually combined; for example, an organism that 
uses an inorganic electron donor might be a photolithotroph or a chemolitho- 
troph, depending on the energy source used. 

As we shall see, metabolic categories are not so clearly separated as we 
might wish. One problem in their use, which presents no great difficulty, is 
overlapping of categories. When light is the energy source, the electron donor 
is clearly distinguished from the energy source. When a chemical energy 
source is used, however, it normally serves also as the electron donor and 
often also as the sole or principal carbon source if the organism is a 
heterotroph. 

The second problem in the metabolic classification of microorganisms 
poses greater difficulties. The versatility of microbial metabolism, which 
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becomes more apparent as our knowledge increases, makes it difficult to 
assign many microbial species to a single metabolic category. It is preferable, 
and will probably become common, to speak of an autotrophic mode of life or 
the capacity for autotrophic growth rather than of an autotrophic species. As 
more was learned about many organisms previously classified as autotrophs, 
it became necessary to distinguish between strict, or obligate, autotrophs and 
facultative autotrophs. Similar modifications were necessary for the 
definitions of lithotrophs and phototrophs. These modifications resulted from 
reports that organisms previously considered capable of using only a single 
mechanism for generating energy or a single class of carbon source or 
electron donor could, with varying degrees of efficiency, utilize alternative 
sources of carbon, energy, or electrons. The term mixotroph has been used to 
describe organisms that are able to use alternative energy sources (e.g., 
chemical and light) with equal facility or even to utilize alternative energy 
sources simultaneously. 

In spite of the problems involved in classifying some microbial species, 
these categories are still the most useful means of grouping organisms with 
similar metabolic characteristics. In the descriptions of metabolic groups of 
microorganisms that follow, we will depart from the recognized taxonomic 
groupings in many cases in order to bring together organisms that have 
common metabolic characteristics. 


PHOTOTROPHS 

All microorganisms that are capable of utilizing light to synthesize ATP by 
either cyclic or noncyclic photophosphorylation are classified as phototrophs. 
Among microorganisms these include the algae, the cyanobacteria (blue-green 
algae), and three families of bacteria: the purple nonsulfur bacteria, family 
Rhodospirillaceae; the purple sulfur bacteria, family Chromatiaceae; and the 
green sulfur bacteria, family Chlorobiaceae. 

Photolithotrophy and Photoautotrophy 

Photolithotrophic growth requires light and an inorganic electron donor and is 
usually associated with the ability to use carbon dioxide as the sole source of 
carbon, i.e., photoautotrophy. Many of these organisms require specific 
growth factors, usually the vitamins Bi 2 , biotin, or thiamine, which may be 
supplied in the very small amounts required, approximately 1CT 6 mg/L, by 
other organisms capable of synthesizing them. Although almost all photo- 
lithotrophs are capable of autotrophic growth, they are also able to assim¬ 
ilate various types of organic compounds simultaneously with the fixation of 
carbon dioxide and use them for synthesis of cell material or storage products 
such as poly-/3-hydroxybutyrate, glycogen, starch, or lipids. Many species are 
therefore at least potentially mixotrophic. 
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Algae The algae are primarily aquatic organisms with a variety of fresh-water 
and marine species. They are the only photosynthetic eucaryotic micro¬ 
organisms. Algae are separated into taxonomic groups on the basis of 
differences in photosynthetic pigments, cell wall composition, storage 
products (mostly starch and fats), and morphology. Some nonphotosynthetic 
organisms (leucophytes) that are morphologically identical with photosyn¬ 
thetic species are considered to be algae that have lost their photosynthetic 
apparatus, and these are included with the appropriate morphological groups 
among the algae. The ability of such organisms to survive is indicative of their 
previous ability to grow nonphotosynthetically, and this is a property of many 
algae. Storage products or exogenous organic matter may be metabolized 
aerobically in the dark. Algae thus use carbon dioxide and produce oxygen in 
the light but use oxygen and produce carbon dioxide in the dark.* Water is the 
exclusive electron donor under natural conditions in the light for synthesis of 
the NADPH 2 required to reduce carbon dioxide to the level of carbohydrate 
for autotrophic growth. A few algal species, e.g., Scenedesmus, are able to use 
hydrogen gas as an electron donor anaerobically in the dark. 

Algae are particularly important as primary producers of organic matter 
and oxygen. The unicellular forms are a vital part of the aquatic food chain. 
About 1 lb of fish is produced for each 10 lb of plankton that enters the food 
chain. The marine phytoplankton are responsible for approximately 90 
percent of the photosynthesis on earth, which annually converts 150 billion 
tons of carbon into organic matter and produces 400 billion tons of oxygen. 
Excessive growth of algae (algal blooms) can be a severe nuisance, causing 
fish death by toxin production or suffocation, making water unfit for recrea¬ 
tional use or use as a water supply, and causing serious organic pollution 
when the organisms comprising the bloom die. Certain species are responsible 
for taste and odor problems even though their numbers remain well below the 
“bloom level.” Algae do not fix atmospheric nitrogen and they require 
inorganic nitrogen in the form of NOJ or ammonia; some species are able to 
use amino acids and other organic nitrogen compounds as a source of 
nitrogen. The growth of large numbers of algae therefore occurs only in 
waters that contain sufficient concentrations of combined nitrogen in addition 
to phosphorus and other minerals to support rapid growth. 

Cyanobacteria The cyanobacteria are still classified as blue-green algae (phy¬ 
lum Cyanophyta) by the botanists, and perhaps rightly so since their photo¬ 
synthesis is of the plant type; that is, they use water as electron donor for 
noncyclic photophosphorylation and reduction of NADP and produce 
oxygen. Their morphology is varied but much less so than that of the 
eucaryotic algae, and their taxonomy has been described as a “Pandora’s 

*Respiration, using O; and producing CO?, can occur concomitantly with photosynthesis in 
the light. However, the rate is low compared with the rate of photosynthesis, and the net effect is 
CO; utilization and O; production. 
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box” (Lewin, 1974). Like the algae, they are able either to assimilate simple 
organic compounds while utilizing carbon dioxide as the major carbon source, 
or to grow in a completely inorganic medium, i.e., as photoautotrophs. A few 
species require vitamin B) 2 . Unlike many algae, most blue-green bacteria 
cannot grow in the dark using organic compounds, although a few species can 
grow very slowly at the expense of glucose. Viability during hours of 
darkness is maintained by endogenous respiration of stored glycogen (a 
storage product typical of bacteria but not of algae). 

Cyanobacteria are among the most ubiquitous microorganisms, being 
found in environments that support few other forms of life. This wide 
distribution is a consequence of the ability of many species of cyanobacteria 
to use atmospheric nitrogen as the sole nitrogen source. This means that they 
require for growth only two gases, carbon dioxide and nitrogen, water as 
electron donor, and the usual inorganic elements, the most important of 
which, quantitatively, is phosphorus. Another characteristic contributing to 
their persistence in a variety of habitats is their ability to survive desiccation 
(in some known cases for many years) and exposure to extremes of tem¬ 
perature, both high and low. Cyanobacteria are found in all aqueous 
environments, including hot springs up to 75°C since some species are 
thermophilic. They are important soil organisms, contributing to soil fertility 
through their ability to fix nitrogen. Like the algae, they often appear in 
tremendous numbers as blooms in waters that contain sufficient concen¬ 
trations of the required minerals. Toxins produced by blooms of cyanobac¬ 
teria render water unfit for consumption by animals or humans by causing 
sickness and sometimes death, and they are extremely lethal to fish and other 
aquatic life. In lower numbers, the growth of some species results in un¬ 
pleasant tastes and odors. Many cyanobacteria contain gas vacuoles, which 
enable them to float at the surface of the water or at a depth at which light 
intensity is optimum for photosynthesis. The gas contained in the vacuoles is 
probably nitrogen. 

The green and purple sulfur bacteria The sulfur bacteria are divided into two 
families on the basis of the color imparted to the cells by the photosynthetic 
pigments, primarily the carotenoids. Many species of Chromatiaceae, the 
purple sulfur bacteria, are actually purple, but others may be dark orange to 
brown or various shades of pink or red. The Chlorobiaceae, or green sulfur 
bacteria, include two subgroups—those that actually are green and a few 
brown species. Both families are separated into genera on the basis of cell 
morphology. The purple bacteria are in general much larger than the green 
bacteria. Both families include both cocci and rods, and the cells of one genus 
of purple bacteria are spirals. 

The metabolic characteristics of the two families are similar in many 
respects. All species except one are obligate phototrophs and obligate 
anaerobes. Energy is generated by cyclic photophosphorylation, and all 
species are capable of growth in completely inorganic media, i.e., as photo- 
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lithotrophs and photoautotrophs, using hydrogen sulfide as electron donor 
for the reduction of NADP by reverse electron transport and synthesizing all 
cell material from carbon dioxide. Most species can use hydrogen as an 
alternative electron donor, although growth is usually much slower than with 
hydrogen sulfide. These species may still require a small amount of hydrogen 
sulfide as a source of sulfur for biosynthesis. When hydrogen sulfide is used 
as electron donor, it is oxidized to elemental sulfur, which accumulates in 
globules located inside the cell in all species of purple bacteria except one or 
outside the cell in one species of purple bacteria and all green bacteria. These 
sulfur globules are visible in the light microscope as shiny particles. Many, 
but not all, species can utilize elemental sulfur, sulfide, and thiosulfate as 
electron donors and form sulfur from sulfide or thiosulfate as an intermediary 
product, which is later oxidized to sulfate. Oxygen is, of course, not produced 
in photosynthesis and water cannot be utilized as an electron donor. 

All species of sulfur bacteria are able to assimilate simple organic com¬ 
pounds such as acetate while deriving the major portion of cell carbon from 
carbon dioxide, and they are therefore potential mixotrophs. The ability to 
derive cell carbon from organic compounds is more prevalent among the 
purple than the green bacteria. The green sulfur bacteria can assimilate 
organic compounds only if both carbon dioxide and hydrogen sulfide are also 
available. Some species of purple sulfur bacteria can utilize organic electron 
donors in place of hydrogen sulfide, thus growing photoorganotrophically, and 
some can utilize acetate as sole source of carbon, growing photoheterotro- 
phically. In all species except one, energy must be derived from light and 
cannot be obtained by the oxidation of exogenous organic substrates. One 
species is capable of very slow growth as a heterotroph in the dark. Storage 
products, which may be utilized in the dark, are commonly poly-j8-hydroxy- 
butyrate, polysaccharides, and polyphosphate in the purple bacteria, and 
polyphosphate and sometimes polysaccharide in the green bacteria. Most 
species of both families are capable of using nitrogen gas as sole nitrogen 
source when other forms of inorganic nitrogen are not available. Many 
species are also capable of using organic nitrogen. 

The habitats of the two families are similar, as might be expected from 
the similarity of their metabolic capabilities. Growth may occur in any aquatic 
environment to which light of the required wavelength penetrates if carbon 
dioxide, nitrogen, and a reduced form of sulfur, or hydrogen, are available, 
along with required inorganic salts, and if no oxygen is present. These 
organisms are found in fresh-water and marine habitats, in water or mud, at 
depths below those occupied by the algae, cyanobacteria, and other aerobic 
bacteria (see Fig. 8-1). Anaerobic fermentative bacteria at lower depths 
produce hydrogen sulfide from organic sulfur compounds. In sulfate-contain¬ 
ing environments, sulfide is a product of sulfate reduction by organisms that 
use anaerobic respiration. The fermentative organisms also produce carbon 
dioxide and hydrogen. The aerobic organisms nearer the surface remove 
oxygen from solution. The wavelengths of light used by the sulfur bacteria are 
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Figure 8-1 Aerobic and anaerobic zones in a deep oxidation pond. In the aerobic zone, aerobic 
chemoheterotrophic bacteria oxidize organic matter to C0 2 and H 2 0 using 0 2 as terminal electron 
acceptor. Aerobic photoautotrophs, green algae and cyanobacteria, fix C0 2 into organic matter, using 
H 2 0 as electron donor and producing 0 2 , completing the carbon-oxygen cycle in this zone. In the 
anaerobic zone, anaerobic chemoheterotTophs ferment organic matter to form a variety of 
fermentation products. Among these are H 2 S and C0 2 , which can be used by the anaerobic 
photoautotrophs, the green or purple sulfur bacteria. C0 2 is fixed to form organic matter, using H 2 S 
as electron donor. H 2 can serve as an alternative electron donor. 

different from those used by the cyanobacteria or algae, and the sulfur 
bacteria are thus able to grow using light that has passed through the surface 
layer of water or mud occupied by aerobic photosynthetic organisms. The 
sulfur bacteria are commonly found at a specific depth, often in a fairly thin 
layer where conditions of light and nutrition are optimum. 

Both the purple and green sulfur bacteria include two subdivisions that 
have somewhat different ecological distributions. Within each family, one 
subgroup requires low light intensity, low temperatures (10 to 20°C), and low 
sulfide concentration. The second group prefers higher temperatures, light 
intensity, and sulfide concentration. The two groups within each family can be 
distinguished morphologically, since the groups that prefer lower light in¬ 
tensity, sulfide concentration, and temperatures have gas vesicles, which may 
have survival value in allowing them to live where conditions are optimal. The 
organisms of the other groups do not form gas vesicles. Light intensity and 
sulfide concentration also determine the mode of growth of these organisms; 
this led to difficulty in their classification before it was found that single cells 
that are motile by means of flagella become immotile and form large slime- 
embedded aggregates at high light intensity and high sulfide concentration. 
The two environmental factors interact, and each species develops flagella 
and becomes motile at specific combinations of light intensity and sulfide 
concentration. The lower the light intensity, the higher is the sulfide concen¬ 
tration at which cells remain motile. Both green and purple sulfur bacteria are 
capable of proliferating sufficiently to produce a readily visible colored layer 
in water, i.e., a bloom. This occurs in environments where sulfate (and 
sulfate-reducing bacteria) is abundant. Since sulfate seldom is entirely absent 
from any natural water, these organisms are found in almost any anaerobic 
environment exposed to light. 
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Photoorganotrophy and Photoheterotrophy 

Photoorganotrophic growth requires light as energy source and an organic 
compound as electron donor. Since ATP is generated by cyclic photo¬ 
phosphorylation, requiring no external electron input, the need for electrons is 
related to the nature of the carbon source utilized. To the extent that carbon 
dioxide is the carbon source, electrons are required for its reduction. Organic 
compounds generally serve two purposes in these organisms—they donate 
electrons for the reduction of carbon dioxide and serve as carbon source 
along with carbon dioxide. 

The purple nonsulfur bacteria, the Rhodospirillaceae, are the only com¬ 
mon microorganisms included in the photoorganotrophic category. These 
organisms comprise one family with three genera differentiated primarily on 
the basis of morphology. All have similar metabolic capabilities but differ in 
some respects among species. This family is an outstanding example of the 
metabolic versatility that creates difficulties for the bacterial taxonomist. 
Their normal mode of growth, as determined by the natural habitats in which 
they occur and by optimum growth conditions in laboratory cultures, is 
photoorganotrophic and photoheterotrophic. Both organic compounds and 
carbon dioxide are used as carbon source; the carbon dioxide is reduced by 
electrons donated by organic compounds. Unlike the sulfur bacteria, 
however, these organisms are generally facultative phototrophs and facul¬ 
tative anaerobes. Most species can grow well in the light or the dark under 
aerobic conditions using organic compounds as carbon and energy source, 
i.e., chemoheterotrophically. Synthesis of the photosynthetic pigments does 
not occur in the presence of oxygen. The nonsulfur bacteria are inhibited by 
the presence of hydrogen sulfide except at very low concentrations, but some 
species are able to grow using hydrogen sulfide as electron donor and carbon 
dioxide as carbon source at low sulfide concentrations, i.e., as photolithotro- 
phic autotrophs. However, the sulfur formed in this way is not oxidized 
further. Many species are also capable of using hydrogen as the electron 
donor for the reduction of carbon dioxide. Like the other photosynthetic 
bacteria, most purple nonsulfur bacteria are able to fix nitrogen. 

The purple nonsulfur bacteria do not proliferate to an extent that could be 
classified as a bloom, probably because they require carbon dioxide, organic 
matter, light, and anaerobic conditions for good growth. The sulfur bacteria 
require light of the same wavelengths, but they have less complex growth 
requirements and normally can compete successfully with the nonsulfur 
bacteria. The inhibition of the latter by hydrogen sulfide, which is usually 
produced in large amounts in any anaerobic environment containing organic 
matter, contributes to the predominance of the sulfur bacteria. The nonsulfur 
bacteria are often found growing in association with sulfur bacteria that are 
present in sufficient numbers to reduce the sulfide concentration to a level that 
the nonsulfur bacteria can tolerate. 

A green nonsulfur bacterium that is photoorganotrophic and photo- 
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Table 8-2 Phototrophic microorganisms 
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heterotrophic has recently been discovered growing in hot springs in asso¬ 
ciation with cyanobacteria that apparently supply it with the required organic 
nutrients. This is a filamentous gliding bacterium, Chloroflexus. Little is 
known of its metabolism. 

The metabolic characteristics of the photosynthetic microorganisms are 
summarized in Table 8-2. 


CHEMOTROPHS 

All organisms that obtain energy by oxidizing chemical compounds or ele¬ 
ments are classified as chemotrophs. Depending on the individual species, the 
energy source may be organic or inorganic, and oxidation may occur under 
aerobic or anaerobic conditions. ATP may be synthesized by oxidative 
phosphorylation or by substrate level phosphorylation. Among the micro¬ 
organisms, the chemotrophs include all the fungi, all the protozoa, and the 
vast majority of bacteria. 


Chemolithotrophy and Chemoautotrophy 

Chemolithotrophic growth requires an inorganic compound or element that 
serves both as energy source for the generation of ATP through oxidative 
phosphorylation and as electron donor for the reduction of the carbon dioxide 
that serves as sole or principal carbon source. Energy sources used for 
chemolithotropic growth include NH 3 , N0 2 , Fe 2+ , H 2 S, S°, S 2 O 3 L and H 2 . 
Almost all chemolithotrophs are obligate aerobes, although a few aerobic 
species can use nitrate as an alternative terminal electron acceptor. The 
chemolithotrophs include only about 30 species, all bacteria, but they are an 
important group of microorganisms because their activities are essential to the 
cycling of inorganic matter, particularly nitrogen and sulfur. 
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The nitrifying bacteria The family Nitrobacteraceae includes two groups— 
one that oxidizes ammonia to nitrite and another that oxidizes nitrite to nitrate 
(the actual nitrifiers). Within each group, several genera, most of which 
include only one species, are differentiated on the basis of cell morphology. 
Nitrobacter, which oxidizes nitrite, and Nitrosomonas, which oxidizes am¬ 
monia, are the most common and well-studied genera. Both are small Gram¬ 
negative rods found in soil and fresh water. Nitrobacter is also found in salt 
water. Both organisms grow either as single cells or as masses embedded in 
slime. Two other genera of nitrite-oxidizing bacteria, Nitrospina and Nitro- 
coccus, grow only in salt water. Besides Nitrosomonas, two other genera that 
oxidize ammonia, Nitrosospira and Nitrosolobus, are soil and fresh-water 
inhabitants, while the fourth genus, Nitrosococcus, includes one fresh-water 
species and one marine species. The nitrifying bacteria as a group are thus 
widespread in soil and fresh and salt water and may be expected to be present 
wherever ammonia, carbon dioxide, and oxygen are present along with other 
required inorganic salts. Almost all nitrifying bacteria have an optimum pH in 
the alkaline range, usually near 8.0, and grow only slowly at pH values much 
below neutral. They require no organic growth factors and are capable of 
growing in completely inorganic media using carbon dioxide as the sole source of 
carbon. 

Chemolithotrophs and organic compounds The nitrifying bacteria were the 
first chemolithotrophs to be isolated. Winogradsky, who first succeeded in 
growing them in pure culture in the early 1890s, succeeded only by using a 
completely inorganic medium. He described these organisms as being totally 
dependent on the oxidation of an inorganic compound as the sole source of 
energy and upon carbon dioxide as the sole source of carbon, and he further 
stated that organic compounds could not be used and were in fact inhibitory. 
This early description of the nitrifying bacteria as obligate chemolithotrophic 
autotrophs unable to grow in the presence of organic matter was extended to 
the sulfur-oxidizing bacteria when they were discovered a few years later and 
was the basis for classifying many chemolithotrophic bacteria as obligate 
autotrophs. 

Recent studies have shown that two of the generalizations stated by 
Winogradsky are incorrect. With the exception of one strain of Nitrobacter 
that grows very slowly using acetate as the sole source of carbon and energy, 
it is true that no organic compound has been shown to support the growth of 
the nitrifying bacteria in the absence of carbon dioxide and the normal 
inorganic energy source. However, the testing of possible growth substrates 
has by no means been exhaustive, and it is possible that some organic 
compounds are able to support the growth of these organisms. The statements 
that nitrifying bacteria cannot use organic compounds and that organic 
compounds inhibit their growth have proved to be incorrect. These organisms 
have the same relationship to organic compounds as do the obligate photo- 
lithotrophs, i.e., the cyanobacteria and the purple and green sulfur bacteria. 
They are able to assimilate organic compounds only if carbon dioxide and the 
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inorganic energy source are also available. The bulk of the cell carbon is 
always derived from carbon dioxide, but up to 10 percent of the cell carbon 
may be derived from such organic compounds as simple sugars, organic acids, 
and amino acids. Organic carbon is thus not required by any of the nitrifying 
bacteria, but all are capable of utilizing at least certain organic compounds, 
when they are available, for the synthesis of some cell constituents. Organic 
compounds are not generally inhibitory, as they were thought to be for many 
years. Specific compounds, sometimes in concentrations of only a few mil¬ 
ligrams per liter, do inhibit individual species. Amino acids are the most 
common inhibitory compounds, but in several cases it has been shown that 
the inhibitory effect of one amino acid can be counteracted by the presence of 
other amino acids. This type of inhibition is not limited to chemolithotrophs 
but occurs in chemoorganotrophs as well, e.g., in Escherichia coli, and 
probably can be explained on the basis of a common metabolic control 
mechanism, which we will discuss in Chap. 12. 

The inability of the photolithotrophic and chemolithotrophic autotrophs to 
grow on organic compounds is a puzzle that has not been solved. Several 
theories have been proposed, but none has been confirmed by experimental 
evidence. Among these theories are impermeability to organic compounds, 
accumulation of toxic metabolic products, and lack of the electron transport 
components or enzymes required to couple oxidation of organic compounds 
to energy generation. The fact that some organic compounds used, along with 
carbon dioxide, by these organisms do not contribute carbon to all con¬ 
stituents of the cell, as shown by radioactive labeling experiments, suggests 
that some organisms may lack the enzymes required for conversion of carbon 
sources other than carbon dioxide to all of the compounds that make up the 
cell. It appears likely that there may be different reasons why different species 
are unable to use organic compounds as the sole source of carbon and energy. 
Whatever the reason, it now seems certain that all microorganisms that are 
capable of autotrophic growth are able to use at least some organic com¬ 
pounds for some synthetic reactions, although many can use organic carbon 
to only a limited extent and only as a supplement to the autotrophic mode of 
growth. Thus, there are no obligate autotrophs in the original meaning of the 
term, that is, no organisms that must obtain all their carbon from carbon 
dioxide. There are a number of species that must use carbon dioxide as a 
major carbon source and can use it as the sole carbon source. 

We have discussed this subject at some length because the concept of 
obligate autotrophy is an important idea, which has recently been much 
discussed (Smith and Hoare, 1977; Whittenbury and Kelly, 1977). The rela¬ 
tionship of chemolithotrophs, particularly the nitrifying bacteria, to organic 
compounds is an important consideration to the environmental engineer and 
scientist. 

The colorless sulfur bacteria The aerobic bacteria that oxidize sulfur are often 
called the colorless sulfur bacteria to distinguish them from the sulfur- 
oxidizing photosynthetic bacteria. The chemotrophic sulfur-oxidizing bacteria 
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have a greater variety of metabolic capabilities than do the nitrifying bacteria, 
but we will discuss them as one group because of their ecologically important 
role in the sulfur cycle. The colorless sulfur bacteria include four genera, 
Thiobacillus, Thiodendron, Beggiatoa, and Sulfolobus, that are capable of 
using reduced sulfur as an energy source, i.e., of lithotrophic growth, and 
seven genera that form internal sulfur granules but whose metabolism has not 
been investigated because they have not been grown in pure culture. The 
latter are Thiothrix, a filamentous nongliding bacterium that grows attached to 
solid surfaces in sulfur springs and other sulfide-rich habitats; Thioploca, a 
segmented, filamentous gliding bacterium with a common sheath surrounding 
a variable number of filaments; Achromatium , very large single cells that 
contain crystals of calcium carbonate as well as sulfur granules; Thiobac- 
terium, rods embedded in a gelatinous material; Macromonas, large motile 
cylindrical cells that contain both sulfur and calcium carbonate; Thiovulum, 
large motile ovoid cells that grow in a web at the interface of oxygen- 
containing and sulfide-containing layers in water; and Thiospira, motile spiral 
cells. Since these organisms occur in fresh or salt water containing hydrogen 
sulfide and deposit sulfur internally, it is assumed that they oxidize sulfide to 
sulfur. 

Beggiatoa is a gliding filamentous organism that can grow as a chemo- 
lithotrophic autotroph but is classified as a mixotroph because it grows better 
when supplied with acetate. It deposits sulfur internally. Sulfolobus is an 
unusual organism, which was discovered only a few years ago in a very acid 
hot spring. Its temperature range is 55 to 85°C, with the optimum at 70 to 
75°C, and its pH range is 0.9 to 5.8, with an optimum of 2 to 3. It is capable of 
growing as a chemolithotrophic autotroph using elemental sulfur as an energy 
source, but it can also grow as a chemoorganotrophic heterotroph using 
organic compounds for carbon and energy. Thiodendron, a stalked bacterium, 
is known to require hydrogen sulfide for growth, but its metabolism has not 
been studied. 

The remaining sulfur bacteria are all species of Thiobacillus, which is the 
most thoroughly studied of the colorless sulfur bacteria. The eight species of 
Thiobacillus exhibit an interesting variety of metabolic patterns. All are 
aerobes, using oxygen as terminal electron acceptor, but one species, T. 
denitrificans, is capable of using nitrate as terminal electron acceptor and 
reducing it to nitrogen gas. Four of the eight species are capable of growing as 
chemolithotrophic autotrophs, require carbon dioxide and sulfur or a reduced 
sulfur compound as energy source and electron donor, and can assimilate 
only small amounts of organic carbon. A fifth species, T. ferrooxidans, has 
similar metabolic properties but is able to oxidize either ferrous iron or sulfur 
compounds. Two of these five species, T. thiooxidans and T. ferrooxidans, 
are capable of growing well at very acid pH values, whereas the other three 
grow best at pH values closer to 7. 

The three remaining species can grow in organic media but differ from 
each other in metabolic capabilities. T. novellus may be classified as a 
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facultative autotroph, since it is capable of growing in either completely 
inorganic or organic medium. The only organic compounds that allow good 
growth are two amino acids, glutamic and aspartic. Sugars are not used. When 
organic carbon and energy sources are present, the chemolithotrophic energy 
source, thiosulfate, is not used. T. intermedius is able to use any of several 
sugars, aspartate, or glutamate as carbon and energy source and grows best 
with both glucose and glutamate. Unlike T. novellus, it is able to oxidize 
sulfur compounds and organic compounds simultaneously and is therefore 
capable of three modes of growth—as a chemolithotrophic autotroph, a 
chemoorganotrophic heterotroph, or a mixotroph. The eighth species is espe¬ 
cially interesting and unusual and can be classified as an obligate mixotroph. 
This organism, T. perometabolis (which means crippled metabolism), cannot 
grow autotrophically and grows very poorly on organic medium. Both organic 
compounds and reduced sulfur compounds are required for good growth and 
both are used simultaneously. 

Most species of Thiobacillus are able to oxidize several sulfur com¬ 
pounds as well as elemental sulfur. In oxidizing either hydrogen sulfide or 
thiosulfate, S 2 O 3 -, elemental sulfur is formed and accumulates as globules, 
which are later oxidized (except by T. novellus, which cannot utilize S°). All 
Thiobacillus species are small rods, and the sulfur is deposited outside the 
cell. The final product of oxidation is sulfate. This formation of sulfuric acid 
produces the very low pH values, 1.0 or less, in cultures of T. thiooxidans and 
is responsible for the very corrosive effects caused by the growth of this 
species. Concrete sewer pipe and concrete installations, such as pumping 
stations, are rapidly destroyed by the acid produced by the growth of 
Thiobacillus when sewage becomes anaerobic, leading to the production of 
large quantities of hydrogen sulfide (see Fig. 8-2). 

The iron bacteria The iron bacteria are so designated because of one common 
characteristic that may be incidental to their metabolism. All of these 
organisms are commonly found in water that contains iron and/or manganese, 
and the growths are encrusted with oxides of iron and/or manganese. One 
family, Siderocapsaceae, including four genera, is tentatively classified among 
the chemolithotrophs on the basis of the deposition of iron or manganese 
oxides, although little information is available on metabolism. Most or all 
probably grow on organic compounds. Capsules are generally formed, and it 
is in or on these capsules that iron oxide is deposited. 

Several genera of the sheathed bacteria, Sphaerotilus, Leptothrix, Lies- 
kella, Crenothrix, and Clonothrix, also are found frequently in water contain¬ 
ing iron or manganese and have encrustations of metallic oxides on the sheath 
or on the capsular material that often surrounds the sheath. Leptothrix has 
been reported to oxidize manganese, though only outside the cell through 
excretion of a protein. This would not constitute an energy-yielding, or even a 
physiologically significant, reaction. 

It is extremely difficult to show that any of these organisms can use the 
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Figure 8-2 Crown corrosion in 
a concrete sewer. Anaerobic 
chemoheterotrophs produce 
H 2 S, which is absorbed in 
condensate on the walls above 
the water line. Aerobic che- 
molithotrophs oxidize the 
reduced sulfur to SO 4 “, form¬ 
ing H2SO4, which attacks and 
erodes the concrete, often to 
the point of structural failure. 


oxidation of ferrous iron as an energy source, since none grows in acid pH 
environments and ferrous iron is rapidly oxidized nonbiologically at neutral or 
alkaline pH in the presence of oxygen, which all iron bacteria require. 

Gallionella, a stalked bacterium, has been grown in the laboratory in 
inorganic media containing ferrous sulfide. The twisted stalk, which bears a 
small bean-shaped cell at the end, is covered with ferric hydroxide, which 
may account for 90 percent of the total mass (dry weight). Gallionella is 
probably capable of chemolithotrophic growth using ferrous iron as energy 
source and electron donor and carbon dioxide as carbon source. The only 
other chemolithotrophic organism that can use ferrous iron as the sole energy 
source may well be Thiobacillus ferrooxidans, which grows well at the low 
pH values at which ferrous iron is stable to nonbiological oxidation. 

The hydrogen bacteria The hydrogen-oxidizing bacteria were previously 
placed in the genus Hydrogenomonas. These bacteria are capable of chemo¬ 
lithotrophic growth using hydrogen as energy source and electron donor and 
carbon dioxide as sole carbon source. However, all hydrogen-oxidizing bac¬ 
teria are also capable of growing chemoorganotrophically as heterotrophs, 
using a wide variety of organic compounds as sources of carbon and energy. 
Based on other characteristics, these organisms can be placed in several 
chemoorganotrophic genera, and the ability to grow chemolithotrophically 
with hydrogen is no longer considered a sufficiently unique characteristic to 
warrant separate classification. Six hydrogen-oxidizing, facultative chemoau- 
totrophs are classified as species of Pseudomonas and two as species of 
Alcaligenes. 
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The methane-forming bacteria (methanogens) The methane bacteria are a 
unique group included here because they share some properties with the 
aerobic chemolithotrophs, although other characteristics are very different. 
All methane-producing bacteria are included in the family Methanobac- 
teriaceae, which is divided into three genera on the basis of cell morphology. 
Progress in understanding the metabolism of these organisms has been very 
slow because few pure cultures have been available until recently and work 
with them is very difficult because of their extreme sensitivity to oxygen. 
They are strict anaerobes that occur naturally only in completely anaerobic 
environments such as the bottom sediments in lakes, ponds, and swamps, the 
rumen of cattle and sheep, and anaerobic sewage digesters. Methane for¬ 
mation in anaerobic environments rich in organic matter is vigorous, and rapid 
bubbling often can be observed in swamps and polluted ponds. When ignited 
by lightning, the methane released may burn for some time. These fires were 
called “will-o’-the-wisp,” but at least one author has suggested that they are 
now called UFOs (Stadtman, 1967). 

The metabolic capability shared by the methanogenic bacteria and other 
lithotrophic bacteria is the use of hydrogen as energy source and carbon 
dioxide as electron acceptor. This mode of energy generation fits the 
definition of chemolithotrophy. The mechanism by which energy is trapped as 
ATP is not known. The use of carbon dioxide as electron acceptor is 
analogous to the use of nitrate by the chemolithotrophic Thiobacillus deni- 
trificans, but the methane bacteria have not been shown to contain the usual 
components of an electron transport chain that could be coupled to ATP 
formation by oxidative phosphorylation using carbon dioxide as terminal 
electron acceptor for anaerobic respiration. No cytochromes or quinones 
have been detected in the methane bacteria. Several of the methane bacteria 
that have been grown in pure culture are able to use carbon dioxide as both 
sole carbon source and electron acceptor, can grow in completely inorganic 
media using ammonia as nitrogen source, and are therefore chemolithotrophic 
autotrophs. Organic compounds such as acetate may stimulate their growth 
and may be required as carbon source by other species. Formate, HCOOH, is 
used by most methanogenic bacteria but is probably first decomposed to 
carbon dioxide and hydrogen. The use of carbon dioxide as electron acceptor 
results in the formation of methane, and approximately 90 percent of the 
carbon dioxide used is converted to methane in organisms that use carbon 
dioxide also as carbon source. Several of these organisms require vitamins, and 
the rumen organisms require a “rumen factor” of unknown nature. 

The methane bacteria play an important role in the degradative leg of the 
carbon cycle and have unique ecological relationships with other organisms. 
Some of these relationships are so stable that two- or three-membered 
cultures may be maintained for long periods of time. This has caused 
problems in trying to isolate pure cultures of methane bacteria. One such 
culture was maintained in various laboratories for more than 30 years as 
Methanobacterium omelianskii ; it was thought to be a pure culture and was 
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used in many studies of methane formation. In 1967, it was reported that the 
culture was actually an association of two organisms, neither of which could 
grow alone on the ethanol-carbonate medium in which it had been maintained 
for decades (Wolfe, 1971). One organism, a chemoorganotroph, ferments 
ethanol to acetate and hydrogen, which are utilized by the second organism, 
Methanobacterium M.O.H. The organotroph cannot grow in the absence of the 
methane-forming organism because it is inhibited by the hydrogen it 
produces. The Methanobacterium cannot utilize ethanol. Many early reports 
of the utilization of various organic compounds by methane bacteria were 
undoubtedly based on studies of similar mixed cultures. 

Recent studies of the methane bacteria have led to the conclusion that 
they should be classified as a third form of life, more primitive even than the 
procaryotes. They differ from bacteria in several significant characteristics: 
(1) their cell walls contain no muramic acid, (2) their metabolism differs in a 
number of respects, and (3) their ribosomal RNA contains different base 
sequences. 

The methane-oxidizing bacteria (methylotrophs) The methylotrophs are similar 
in many ways to other organisms classified as chemolithotrophic autotrophs. 
The family Methylomonadaceae includes two genera: Methylomonas (rods) 
and Methylococcus (cocci). The distinguishing features of these organisms are 
their absolute requirement for methane or methanol as carbon and energy 
source and their inability to grow on “organic media.” Since methane and 
methanol are considered to be organic compounds, the organisms are tech¬ 
nically organotrophs and heterotrophs. However, they are included among the 
“specialist procaryotes” (Smith and Hoare, 1977) along with the photolitho- 
trophs and chemolithotrophs that have extremely restricted ability to use 
organic compounds, e.g., the nitrifying bacteria, Thiobacillus, and the cyano¬ 
bacteria. 

The obligate methylotrophs are obligate aerobes, using oxygen as the 
terminal electron acceptor, and are capable of growth in simple inorganic 
media with the addition of methanol or methane. No organic growth fac¬ 
tors are required. One species can fix atmospheric nitrogen; others use 
ammonia or nitrate as nitrogen source. These organisms commonly occur 
in aerobic layers of soil or water above the anaerobic sediments where me¬ 
thane is produced. Like the other specialist organisms discussed pre¬ 
viously, the obligate methylotrophs can assimilate a limited amount of some 
organic compounds and use them for synthesis of cell material, but only if the 
required C, compound, methane or methanol, is also available. Like the 
others, they are inhibited by certain organic compounds, particularly amino 
acids, and the inhibition can be relieved by other amino acids. The very 
striking similarities between the organisms that require carbon dioxide as 
principal carbon source and those that require methane or methanol have 
prompted recent suggestions for a redefinition of metabolic terminology 
(Kelly, 1971; Smith and Hoare, 1977; Whittenbury and Kelly, 1977). It has 
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Table 8-3 Bacteria capable of growing as chemolithotrophs and/or chemoauto- 
trophs 
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been suggested that the term heterotroph be used to describe organisms that 
use compounds containing two or more carbon-carbon bonds as principal or 
sole carbon source. A new definition of autotrophy would then include the 
methylotrophs: “Autotrophs are microorganisms which can synthesize all 
their cellular constituents from one or more Ci compounds” (Whittenbury and 
Kelly, 1977). While such a change will probably find its way into common 
usage only slowly, it seems a very logical way to solve some of the problems 
encountered in past attempts to classify specialist organisms. Auxotrophic 
requirements such as vitamins would not affect the classification. 

Important metabolic characteristics of the chemolithotrophic micro¬ 
organisms are summarized in Table 8-3. 


Chemoorganotrophy and Chemoheterotrophy 

Chemoorganotrophic growth is the most common mode of life among micro¬ 
organisms. Only the specialist microorganisms we have discussed thus far, 
i.e., some algae, the cyanobacteria, the photolithotrophic bacteria, and some 
chemolithotrophic bacteria, are unable to utilize organic energy sources for 
growth. For all other microorganisms, chemoorganotrophy is the sole avail¬ 
able mechanism for obtaining the energy to support growth, or else it is a 
readily used alternative mechanism. Many algae, the photoorganotrophic 
bacteria, and some chemolithotrophic bacteria grow well as chemoorgano- 
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trophs. For all protozoa, all fungi, and the great majority of bacteria, chemo- 
organotrophic growth is the only possible means of existence. With the 
chemoorganotrophs, the distinctions between metabolic categories become 
blurred, but as we pointed out previously, this presents no great problem if we 
understand the multiple uses of organic compounds in these organisms. 

First, as is true for all chemotrophs, the energy source and the electron 
donor are identical so we may use these terms interchangeably. The electron 
donor function is quantitatively much more important in the chemolitho- 
trophs, which must generally reduce carbon dioxide to the level of oxidation 
of cell material, CH 2 0, than in the chemoorganotrophs, which use carbon 
sources that are seldom highly oxidized relative to cell material. In both types 
of metabolism, electrons removed from the energy source are used for two 
purposes if the organism has a respiratory metabolism: (1) for electron 
transport coupled to oxidative phosphorylation, i.e., for the synthesis of ATP, 
and (2) for reductive steps in the biosynthesis of cellular constituents from the 
carbon source. If the organism has a fermentative metabolism, electrons that 
are not used in reductive biosynthetic reactions must be used to reduce 
organic electron acceptors to produce fermentative end products that are not 
used by the organism. As discussed previously, it is the oxidative steps in 
which electrons are removed from the organic energy source that furnish the 
energy for ATP synthesis via substrate level phosphorylation. Thus chemo¬ 
trophs, whether using an inorganic or an organic energy source, obtain energy 
by oxidation of that energy source and use some of the electrons removed in 
that oxidation in the reductive reactions required to convert the carbon source 
to cellular constituents. The same compound (or element) then serves as both 
energy source and electron donor. 

Second, organisms that use organic energy sources also use organic 
carbon sources, so we may use the metabolic categories chemoorganotroph 
and chemoheterotroph almost interchangeably. As we have seen, some 
organisms use energy from light or from an inorganic energy source to 
assimilate organic compounds. While this almost always amounts to a minor 
fraction of carbon source utilization, we should exercise some caution in 
equating the two categories. We can safely assume that a chemoorganotroph 
is also a chemoheterotroph, but in a few cases chemoheterotrophy does not 
imply chemoorganotrophy. For all protozoa, all fungi, and all but a few 
bacteria, the two terms may be used interchangeably. 

For organisms that use organic compounds as sources of both carbon and 
energy, there is a great variation in their ability to use the same compound for 
both purposes. Bacteria such as Pseudomonas aeruginosa and Escherichia 
coli are prototrophs, which means that they can form all their cell material 
from a single carbon source. These organisms grow well in a simple medium 
with one organic compound plus all the required elements as inorganic salts. 
In such a medium, the single organic compound serves as carbon source, 
energy source, and electron donor. We will examine the metabolic steps 
involved in the growth of the organism under these conditions in the following 
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chapters. For now, it is sufficient to say that each organism that uses an 
organic energy source does so by a series of enzymatic steps that, as we have 
said before, release energy but also lead eventually to the formation of the 
metabolic end products typical of that organism. In aerobic metabolism, the 
energy source is typically oxidized, through a long series of reactions, to 
carbon dioxide. The metabolic pathway most commonly used for this purpose 
is the Embden-Meyerhof-Parnas, or glycolytic, pathway, which feeds into the 
tricarboxylic acid (TCA) cycle in aerobic organisms. Several other pathways 
for catabolism of the organic energy source are used by various micro¬ 
organisms, but the important considerations here are that each organism 
possesses the enzymatic capability for degrading energy sources by one or 
more “central pathways” (see Chap. 9) and that its ability to utilize any 
specific organic energy source generally depends on its ability to form 
additional enzymes to convert that energy source into one of the intermediary 
metabolites of a central pathway or, in other words, to convert the energy 
source into a form in which it can enter the mainstream of catabolic reactions. 
These abilities are genetically determined. 

As we shall see in the following chapters, the biosynthetic pathways 
utilize as starting material, or building blocks, the intermediary metabolites of 
the central catabolic pathways. Thus, as the energy source is degraded 
through a series of enzymatic reactions, at various points in the pathway an 
enzymatic product may be used for either of two purposes: (1) it may 
continue through the catabolic pathway, yielding maximum energy and being 
converted finally to the catabolic end product, e.g., carbon dioxide, or (2) it 
may be acted upon by a different enzyme that catalyzes the initial step in a 
biosynthetic pathway leading to the formation of a required cellular com¬ 
ponent, e.g., an amino acid. The prototrophic cell obviously must be able to 
synthesize all the enzymes required to convert catabolic intermediates to cell 
material, and in such a cell the same compound serves as both energy source 
and sole carbon source. As we pointed out in Chap. 5, microorganisms differ 
greatly in their biosynthetic capabilities. Auxotrophs require organic growth 
factors, and these requirements may vary from a single vitamin, amino acid, 
or organic base to a complete assortment of all the vitamins, amino acids, 
bases, and other compounds needed to form the polymers of which the cell is 
composed. An organism requires an organic growth factor because it does not 
have the genetic information for making the enzymes of the biosynthetic 
pathway that would synthesize the required molecule. If the organism pos¬ 
sesses most of the biosynthetic pathways and thus requires only one or a few 
organic growth factors, the energy source still furnishes almost all the cellular 
carbon and is therefore the major carbon source. In organisms with very 
limited synthetic abilities, almost none of the cellular carbon can be derived 
from the energy source. Such organisms use a single organic energy source 
and a complex mixture of growth factors as carbon source. Between the two 
extremes of prototrophy and complete auxotrophy lies a full spectrum of 
organisms with varying degrees of auxotrophy, so that the energy source in 



362 METABOLIC CLASSIFICATION OF MICROORGANISMS 


different organisms may supply all, none, or varying amounts of the cellular 
carbon. The determining factor is not the nature of the energy source but the 
synthetic capability of the organism. 

As we shall see in Chap. 12, the fact that a microorganism is able to use 
the energy source for the synthesis of cell material does not mean that it will 
necessarily do so, because if organic growth factors are available in the 
environment the organism uses these in preference to synthesizing them. 
Since the organic matter in many natural environments is supplied by decay¬ 
ing plant or animal material, it is probably unlikely that much cellular carbon 
is derived from the energy source in such environments because most 
required growth factors would be available. In other circumstances, for 
example in rivers or lakes contaminated with many types of industrial wastes, 
prototrophic organisms may enjoy a definite selective advantage because few, 
if any, organic growth factors are available unless other natural sources of 
organic matter are also present. 

Since most microorganisms are chemoorganotrophs and chemohetero- 
trophs, we will not attempt to describe all of them. We will limit ourselves to 
describing briefly some of the secondary metabolic characteristics that dis¬ 
tinguish the more important or most commonly occurring subgroups among 
the chemoheterotrophs. We will focus our attention primarily on the bacteria, 
because they exhibit much greater metabolic variability than is found among 
the eucaryotes, and this allows them to flourish in a greater variety of 
environments. The eucaryotic chemoheterotrophs include the protozoa, the 
fungi, the slime molds, and the leucophytes, the colorless algae that are 
incapable of photosynthesis but are still classified as algae on the basis of 
morphology. 

Protozoa The protozoa, with the exception of a few anaerobic parasitic 
species, are aerobic organisms that use organic energy sources and organic 
carbon sources. They are classified on the basis of morphology, primarily the 
means of locomotion, which may be amoeboid movement, swimming by 
means of flagella, or swimming by means of cilia. Very little information is 
available on the specific growth factor requirements of individual species. A 
few protozoa have been grown in pure culture in defined media containing 
growth factors such as amino acids and vitamins, but most protozoa feed on 
bacteria and have not been grown except in mixed cultures with bacteria. 
Other protozoa are parasitic on humans or other animals and obtain nutrients 
from the cells or body fluids of the host. All these species utilize complex 
carbon sources and probably have complex growth requirements. Species that 
are able to use nutrients in solution are called osmotrophic or osmophilic ; 
these include many of the parasitic protozoa and many of the nonparasitic 
flagellated species. The amoeboid and ciliated species are generally phago- 
trophic\ they ingest bacteria by a process called phagocytosis , in which the 
bacteria are enclosed in an invaginated portion of the cell membrane, which 
forms at any point on the cell surface in amoeboid species or at the “mouth” 
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in ciliated species. This membranous sac detaches and becomes a food 
vacuole, which circulates through the cytoplasm as the bacterial cell is 
digested by enzymes secreted into the vacuole from the cytoplasm. Osmo- 
trophs may take up drops of liquid that contain macromolecules or other 
nutrients in much the same way. 

Protozoa are primarily aquatic organisms, although they are found also in 
soil. The ability of many species to form cysts, which are resistant to 
desiccation, allows them to survive under unfavorable conditions. The 
Sporozoa, which include all obligate parasites, also form a resting stage, the 
sporozoite, which aids in transmission of the organism from one host to 
another. A number of human diseases are caused by protozoa, and water 
contaminated with sewage is often a source of infection with intestinal 
protozoa, e.g.. Entamoeba histolytica, which causes amoebic dysentery. The 
free-living protozoa occur in almost any aerobic environment in which bac¬ 
teria are present in sufficient numbers to support their growth. They are 
especially abundant in stagnant or slow-moving fresh or salt water, e.g., 
ponds, marshy areas, or tidal flats, where organic matter from decaying 
vegetation supports a large population of bacteria. In such environments, 
protozoa are an important link in the food chain. Waste treatment facilities 
are an ideal feeding ground for protozoa, and protozoa perform an important 
function in clarifying the effluent by ingesting bacteria that remain in suspen¬ 
sion after sedimentation. Attached protozoa also aid settling by increasing the 
weight of sludge particles. 

Fungi The fungi are chemoorganotrophs and chemoheterotrophs. All are 
capable of growing aerobically; many are obligate aerobes, but some species 
are facultative anaerobes. The fungi are primarily soil organisms. Some of the 
more primitive forms, often called lower fungi, are aquatic organisms. These 
water molds attack decaying plant or animal material in the aquatic environ¬ 
ment and may also attack algae and protozoa. They form motile, flagellated 
spores very much like protozoa. Some of the water molds are capable of 
fermentation and therefore can grow in the anaerobic portions of ponds or 
lakes, contributing to anaerobic decomposition of organic matter in the 
sediment. Other fungi may be parasitic on or pathogenic to animals or plants. 
Many of the most economically important plant diseases are caused by fungi. 
They are less important as human pathogens. Of approximately 100,000 
species of fungi, only about 100 are pathogenic to humans and animals, and 
only a dozen species cause frequent infections. Fungi cause infections of the 
hair, skin, and nails, e.g., scalp ringworm and athlete’s foot, as well as some 
more serious infections of internal organs such as the lung, often causing 
symptoms that are wrongly diagnosed as tuberculosis or cancer. Infection 
probably occurs by a person breathing in spores carried through the air along 
with dust from the soil in which the organism has grown. Toxins produced by 
fungi growing on improperly dried crops such as peanuts and grains can have 
serious effects in humans. The aflatoxins produced by Asperigillus flavus can 
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cause fatty degeneration of the liver and liver cancer in persons who eat 
contaminated food. Very low concentrations are toxic. 

The nutritional requirements of most fungi are very simple. Many species 
can grow with a single organic compound as the source of carbon and energy 
and with inorganic sources of all other required elements. Ammonia or nitrate 
can be used as the nitrogen source by most species; none has been shown to 
fix nitrogen. Frequently, one or a few organic growth factors may be required 
in addition to the major carbon source. Carbohydrates are generally the 
preferred carbon and energy sources, but many exotic compounds, e.g., 
pesticides, are at least partially degraded by fungi. Cellulose-degrading fungi 
are important in the decomposition of wood and other plant materials, and 
certain fungi may be the only organisms able to degrade lignin. 

Fungi have growth requirements similar to those of many bacteria, and 
they generally are capable of growing in many of the same types of environ¬ 
ments. However, fungi grow much more slowly than bacteria and often are 
not able to compete successfully under conditions optimal for bacterial 
growth. Since fungi prefer somewhat lower pH values than do bacteria, 
slightly acid conditions may allow fungi to predominate in a mixed culture. 
Most fungi grow as long branching filaments that are divided by crosswalls or 
septa in most species; the septa are incomplete so that the entire cytoplasmic 
mass is continuous within the tubular branched mycelium. The yeasts grow as 
single cells, which reproduce by budding. Dimorphic fungi can grow in either 
the mycelial or the yeast form, and animal pathogens are often dimorphic, 
growing in the yeast form in the body. Fungi are classified on the basis of 
their sexual reproductive cycle, which is not frequently observed in nature. 
Mushrooms and other large fruiting bodies that bear sexual spores, such as 
puffballs, have the most readily seen sexual stages. Such spores are formed 
by the Basidiomycetes. The other class of higher fungi, the Ascomycetes, 
forms sexual spores within a sac, or ascus. Fungi that cannot be classified 
because a sexual stage has never been observed are placed in the class Fungi 
Imperfecti. Most pathogenic fungi are included in this group. 

The procaryotic chemoheterotrophs are a diverse group of aerobic, facul¬ 
tative, and anaerobic bacteria, which are separated into families and genera 
on the basis of a variety of characteristics. The current classification scheme 
(Buchanan and Gibbons, 1974) emphasizes separation on the basis of cellular 
morphology and the Gram-staining reaction. In the following brief descrip¬ 
tions of the chemoheterotrophic bacteria, we shall adhere to the groupings 
presently recognized by bacterial taxonomists, but we will attempt to 
emphasize the metabolic and ecological rather than structural characteristics. 

Gliding bacteria The gliding bacteria are divided into two orders, the Myx- 
obacterales, which aggregate to form fruiting bodies under nutrient-limited 
conditions, and the Cytophagales, which never form fruiting bodies. Most of 
the Myxobacterales are cannabalistic; that is, they lyse and use as food 
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supply other microbial cells, bacteria, algae, and fungi. A few species are able 
to digest cellulose. All are strictly aerobic. Genera and species are classified 
according to the characteristics of the fruiting body, and little is known of 
their biochemical characteristics except for the cellulolytic species, which 
grow well in inorganic media with a single organic compound, cellulose or a 
simple sugar, as carbon and energy source and with ammonia or nitrate as 
nitrogen source. The individual cells are Gram-negative rods that have no 
flagella but are able to glide along solid surfaces. The usual habitat of these 
organisms is soil that contains decaying plant material. Fruiting bodies often 
may be seen on the bark of trees. A tough slime layer surrounds the cells that 
form the fruiting body, and the cells often differentiate into microcysts, which 
are resistant to desiccation and more resistant to heat than the vegetative 
cells. 

The second order of gliding bacteria, the Cytophagales, includes chemo- 
heterotrophs, chemolithotrophs, and mixotrophs, all classified in a single 
order on the basis of their gliding motility. We have described the chemo- 
lithotrophic and mixotrophic species. The chemoorganotrophic species are 
found, often in large numbers, in soil and in fresh and salt water. Many are 
able to digest cellulose, agar, or chitin. All species are Gram-negative. Most 
species are filamentous, and some are enclosed in sheaths. Leucothrix, a 
marine form, is ordinarily found attached to algae or marine animals. Some 
species of Cytophaga have been implicated in diseases of fish. Two genera, 
Simonsiella and Alysiella, are fermentative filamentous organisms that have 
been found only in the oral cavities of humans and animals. Other members 
of the order are strict aerobes, which use molecular oxygen as the terminal 
electron acceptor, or facultative anaerobes. 

Sheathed bacteria The sheathed bacteria are a group of rod-shaped bacteria 
that grow in chains of cells enclosed in a tubular transparent sheath composed 
of proteins, polysaccharides, and lipids. The sheath may be surrounded by a 
polysaccharide slime layer. Genera are differentiated on the basis of the 
motility of single cells, the tendency of the sheaths to attach to solid surfaces, 
and the encrustation of the sheath with oxides of iron or manganese. We have 
discussed the possible chemolithotrophy of the encrusted organisms. Most of 
these organisms have not been obtained in pure culture and their metabolism 
is not well understood. Those that have been grown in the laboratory, 
Sphaerotilus, Leptothrix, and Streptothrix, are strict aerobes, using oxygen as 
the terminal electron acceptor, although Sphaerotilus grows well at low 
oxygen tensions. Of these three genera, only Leptothrix deposits iron and 
manganese oxides on the sheath, but there has been considerable dis¬ 
agreement as to whether Sphaerotilus and Leptothrix are really different 
organisms. Some authors have argued that Leptothrix is simply an encrusted 
form of Sphaerotilus. 

We have mentioned that filaments of Sphaerotilus are commonly found in 
activated sludge and may be responsible for poor settling (a bulking sludge) 




Figure 8-3 The filamentous, sheathed bacterium Sphaerotilus natans, which is often implicated in 
the bulking of activated sludge. (A) and (S) Phase contrast photomicrographs of India ink wet 
mounts of S. natans. C, cell; S, slime layer; I, India ink; A, abnormal or lysed cells; F, fat 
(poly-/ 3 -hydroxybutyrate). (C) Phase contrast photomicrograph at lower magnification showing 
large masses of slime with embedded cells. S, slime; I, India-ink. (D) Electron micrograph of S. 
natans. showing cell, C, and sheath, Sh. (E) Electron micrograph of S. natans showing the cell 
closely surrounded by the sheath, Sh, and a large amorphous deposit of dried slime (S) surrounding 
the filament. (From Gaudy and Wolfe 1962 .). 
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when present in large numbers. Streptothrix, which differs from Sphaerotilus 
in that free motile cells of Streptothrix have not been observed, also occurs in 
activated sludge and may cause bulking. Sphaerotilus and other sheathed 
bacteria are most easily recognized by examination of wet mounts under oil, 
using a phase contrast microscope. Empty portions of the sheath are clearly 
visible. The sheathed bacteria that form holdfasts for attachment to solid 
surfaces, such as Sphaerotilus, can grow in low concentrations of organic 
matter, since nutrients are continually supplied by water flowing past. These 
organisms often produce massive growths in slow-running streams that are 
contaminated with carbohydrate-containing wastes such as paper mill 
effluents and dairy wastes. The nets of salmon fishermen in the Columbia 
River have often been fouled with large slimy masses of Sphaerotilus, which 
grows profusely even though the concentration of paper mill waste may be 
quite low (see Fig. 8-3). 


The budding and/or appendaged bacteria This is a large and varied group of 
organisms classified on the basis of morphology. Included are aerobic, 
microaerophilic, and facultatively anaerobic chemoheterotrophs that have in 
common an unusual morphological feature—stalks, hyphae (thin filamentous 
outgrowths), or other forms of cytoplasmic extrusions or appendages. These 
cytoplasmic extrusions are called prosthecae and the bacteria forming them 
are prosthecate. Some of these bacteria, e.g., Hyphomicrobium, reproduce by 
forming buds at the ends of hyphae. The new cells may remain attached to the 
mother cell through the hyphae or may break away as free individual cells. 
The stalked bacteria, typified by Caulobacter, attach to solid surfaces by a 
holdfast at the end of the stalk, which is an extension of the cell itself, having 
the usual cell wall, cell membrane, and internal twisted membranes forming a 
core. These organisms are strict aerobes and grow best in very low concen¬ 
trations of organic matter in fresh or salt water or in soil. Other organisms in 
this group excrete long noncytoplasmic fibrils, which form stalks. Two such 
organisms, Gallionella and Thiodendron, were described among the chemo- 
lithotrophs. The budding and appendaged bacteria apparently are widely dis¬ 
tributed in soil and water, but their metabolism has been studied only in the 
few species that have been grown in pure culture. 


Spirochetes The spirochetes, order Spirochaetales, are helically coiled, flex¬ 
ible motile organisms, some of which attain lengths of 500 pm. All are 
chemotrophs. Five genera are recognized and are differentiated on the basis 
of size, shape, degree of coiling, habitat, and relation to oxygen. Metabolically 
and ecologically, the spirochetes are a diverse group including aerobes, 
facultative and obligate anaerobes, free-living, parasitic, and pathogenic spe¬ 
cies. These organisms have an unusual structure consisting of a cytoplasmic 
cylinder intertwined with axial fibrils that originate near each end of the cell 
and extend toward the opposite end. An outer envelope encloses the cylinder 
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and fibrils. Motion may be of several types—rotation, bending, or serpentine 
locomotion. 

Members of the genus Spirochaeta are obligate or facultative anaerobes, 
free living in fresh water and marine environments containing hydrogen 
sulfide, i.e., in anaerobic environments, and in mud, sewage, and polluted 
water. This genus includes the longest of the spirochetes. They have complex 
growth requirements and therefore survive where organic matter is available. 
The genus Treponema includes T. pallidum, which causes syphilis in humans, 
and other pathogenic and parasitic species. Most of the parasitic species are 
found in the human oral cavity. None of these species is free living, and all 
are strict anaerobes. The genera Borrelia and Cristispira are also parasitic or 
pathogenic. Leptospira includes pathogenic species as well as some free- 
living aerobic species that require long-chain fatty acids as carbon source. 

Spiral and curved bacteria The members of the family Spirillaceae differ 
morphologically from the spirochetes in two respects. The Spirillaceae are 
rigid rather than flexible, and they have flagella rather than axial filaments. 
Like the spirochetes, they are helically wound or spiral cells and, like the 
spirochetes, the group includes free-living, parasitic, and pathogenic species. 

The Spirillaceae are divided into two genera: Spirillum and Cam¬ 
pylobacter. Spirillum species are free-living, aquatic bacteria found in fresh or 
salt water that contains organic matter. They are aerobic; some species 
require low oxygen tension, i.e., are microaerophilic, and most have simple 
nutritional requirements. Organic acids, alcohols, or amino acids serve as the 
sole sources of carbon and energy; carbohydrates are generally not utilized. 
Cells have tufts of flagella at one or both ends. Campylobacter species have 
single flagella at one or both ends and are microaerophilic or anaerobic. 
Carbohydrates are not utilized as energy source; amino acids or organic acids 
are used. Campylobacter fetus causes abortion in sheep and cattle. Related 
but unclassified genera are Bdellovibrio, a tiny curved motile rod that feeds on 
other bacteria; Microcyclus, aerobic curved rods that form rings and are 
found in fresh water; Pelosigma, S-shaped cells found in mud and fresh and 
brackish waters and often in aggregates held together by mucoid material; and 
Brachyarcus, bow-shaped cells that may form rings, cloverleaf, or pretzel 
shapes and have been isolated from several lakes and ponds. 

The groups of chemoheterotrophs described thus far are those with 
morphological characteristics so different from those of the majority of 
bacteria that their classification on the basis of morphology alone has been 
considered justified. Many of these organisms have been described from 
observations made on samples obtained from what is assumed to be their 
natural habitat and have never been cultured in the laboratory. Some tentative 
conclusions regarding their metabolic capabilities can be based on a know¬ 
ledge of the conditions in the environments in which they are found, but much 
more information based on pure cultures studied in the laboratory is needed 
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before these organisms can be properly classified and their potentials for 
growth in various environments and for modification of their environments 
can be understood. The remaining chemoheterotrophic bacteria are, in 
general, not remarkable for their morphological features, so it has been 
necessary to determine their metabolic capabilities in order to differentiate 
them. 

Gram-negative aerobic rods and cocci This group includes five families of 
chemoheterotrophs differentiated on the basis of their distinctive metabolic 
capabilities. The family Pseudomonadaceae includes four genera: Pseu¬ 
domonas, Xanthomonas, Zoogloea, and Gluconobacter. These are small 
Gram-negative rods that are motile by means of polar flagella. Their metabo¬ 
lism is strictly respiratory, never fermentative. The genus Pseudomonas is 
noted for versatility in its use of carbon and energy sources. One species is 
able to use more than 100 different compounds as sole source of carbon and 
energy, and several species can utilize 50 or more. The ability to grow without 
organic growth factors is common. Five species of Pseudomonas are able to 
grow as chemolithotrophic autotrophs, using hydrogen as energy source and 
carbon dioxide as carbon source. Carbon monoxide is also used as energy 
source by one species. Because of their ability to use a great variety of 
organic compounds and their lack of requirements for growth factors, Pseu¬ 
domonas species are widely distributed in soil and in fresh and salt water. 
Some species are pathogenic to plants and two species are pathogenic to 
humans, but these are probably accidental pathogens that are primarily soil 
organisms. Some species of Pseudomonas are able to use nitrate as terminal 
electron acceptor and are active denitrifiers. 

The genus Xanthomonas includes organisms that are plant pathogens and 
are found only in association with plants. They are strict aerobes that use 
oxygen as terminal electron acceptor and have complex growth requirements. 
They produce a yellow pigment and usually a polysaccharide slime. 

The genus Zoogloea has been considered the primary floc-forming 
organism in activated sludge. The cells are small, polarly flagellated rods that 
form visible floe particles in water, in sewage, or in laboratory cultures. Floe 
formation in the laboratory has been reported to depend on the C/N ratio of 
the medium. Examination of floes in the electron microscope has revealed 
that the aggregates of cells are held together by extracellular fibrils, rather 
than by a slime layer, as was originally thought to be the case. Zoogloea is a 
strict aerobe that requires oxygen as terminal electron acceptor. If vitamins 
B [2 and biotin are supplied, a variety of sugars, amino acids, or organic acids 
can be used as the sole source of carbon and energy. The fourth genus, 
Gluconobacter, is noted primarily for its incomplete oxidation of sugars and 
its ability to oxidize ethanol to acetic acid. It is a soil organism and is found 
on fruits and vegetables and in wine, cider, and wine vinegar. The genus 
Acetobacter, which is metabolically quite similar to Gluconobacter but has 
peritrichous flagella, is more active in the oxidation of ethanol to acetic acid. 
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is more tolerant of acid, and is used commercially in the manufacture of 
vinegar. 

The family Azotobacteraceae includes four genera: Azotobacter, 
Azomonas, Beijerinckia , and Derxia. Organisms of this group are the only 
free-living, aerobic bacteria capable of fixing nitrogen and growing in an 
environment devoid of combined nitrogen. All are aerobic and require oxygen 
as terminal electron acceptor, but they grow well and fix nitrogen more 
efficiently under reduced oxygen tension. This results from the fact that 
nitrogenase, the enzyme involved in nitrogen fixation, is inhibited by oxygen. 
Most species are also able to use combined nitrogen in the form of ammonia, 
nitrate, or amino acids. One important differentiating characteristic of the four 
genera is habitat. Azotobacter is primarily a soil organism, whereas 
Azomonas has three species, one of which is found most frequently in soil 
and two in water. Both are adapted to neutral or alkaline soils. Beijerinckia 
and Derxia are tolerant of acid and are found in acid, tropical soils. All 
produce large amounts of slime; Azotobacter and Azomonas produce a loose, 
flowing slime, while that of Beijerinckia and Derxia is tough and gummy. All 
store large amounts of poly-/3-hydroxybutyrate. Azotobacter forms cysts, 
which are resistant to desiccation. 

The family Rhizobiaceae includes two genera, Rhizobium and Agrobac¬ 
terium, which produce nodules on plants. Rhizobium produces root nodules 
on legumes within which it grows symbiotically, fixing nitrogen and supplying 
the host plant with a utilizable nitrogen source. Agrobacterium produces 
growths on plant stems and does not fix nitrogen. 

The family Methylomonadaceae includes two genera: Methylomonas, 
which are rods, and Methylococcus, which are cocci. These organisms utilize 
only one-carbon compounds, methane and methanol, as a source of carbon 
and energy, and were discussed previously as specialist organisms that should 
possibly be included in a redefined category of autotrophs. They are strict 
aerobes and require no organic growth factors. 

The family Halobacteriaceae includes two genera: rods, Halobacterium, 
and cocci, Halococcus. These organisms are found only in habitats where the 
sodium chloride concentration is at least 12 percent. 

Gram-negative facultatively anaerobic rods This group includes two families: 
the Enterobacteriaceae, which have peritrichous flagella, if motile, and a 
negative reaction in the oxidase test, and the Vibrionaceae, which have polar 
flagella when motile and are oxidase-positive. From the public health stand¬ 
point, this group of organisms is perhaps the most important of all the major 
bacterial groups to the environmental engineer and scientist. Many of these 
organisms are common, usually harmless inhabitants of the intestinal tracts of 
humans and animals; others are common inhabitants of fresh or salt water; 
and a significant number of them are important human pathogens, which are 
commonly spread by fecal contamination of water. Because of their different 
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roles in nature, the isolation of organisms of this group from water (or food) is 
of varying significance, which depends on the specific organism isolated. 
Therefore, differentiation between normal water species and those of fecal 
origin is essential. 

As a group, these organisms differ from other Gram-negative bacteria in 
that they are able to obtain energy in three ways: (1) aerobically by oxidative 
phosphorylation coupled to electron transport using oxygen as terminal elec¬ 
tron acceptor, (2) anaerobically by fermentation of carbohydrates, and (3) by 
anaerobic respiration using nitrate as terminal electron acceptor. Nitrate 
reduction is a property of all the Enterobacteriaceae, except a few species of 
the plant pathogen Erwinia, and of many of the Vibrionaceae. Many of these 
organisms, including even some pathogenic species, have very simple nutri¬ 
tional requirements and are able to grow in a defined medium that contains a 
single organic compound as carbon and energy source and all other required 
elements as inorganic salts. Some species require various organic growth 
factors, but these requirements are usually not numerous. 

The enteric bacteria, as this group is often called, have been more 
thoroughly studied than most other bacteria, but in spite of this, or perhaps 
because of it, their classification has been very difficult and is still unsatis¬ 
factory. Numerous criteria have been used, such as the ability to ferment 
lactose; production of gas (hydrogen) as well as acid from carbohydrates; 
ability to use specific carbon and energy sources, especially citrate; produc¬ 
tion of hydrogen sulfide; production of indole from tryptophan; ability to 
hydrolyze urea; and sensitivity to cyanide. One important criterion for 
identification of the enteric bacteria is determination of their fermentation 
pattern. All of these organisms ferment glucose through the Embden-Meyer- 
hof-Parnas pathway to pyruvic acid but, as we will see in Chap. 11, the final 
products made from pyruvate are often characteristic of the organism and are 
useful in identification. 

Two fermentation patterns are found in the enteric bacteria: mixed acid 
fermentation and butanediol fermentation. In the mixed acid fermentation, 
lactic, acetic, and succinic acids are formed in large amounts, producing a 
final pH in glucose broth that is sufficiently low to give an acid reaction with 
the acid-base indicator methyl red. This indicator changes color in the pH 
range 4.4 to 6.2, so a reaction that is positive for methyl red requires a pH 
value of approximately 4.5 or less. The indicators normally used to detect acid 
production in tests for fermentation require much less acid to produce a 
positive reaction; for example, bromthymol blue changes color in the pH 
range 6.0 to 7.6. Thus, organisms that ferment carbohydrates to form acid 
detectable in the standard fermentation tests would not necessarily cause 
positive results in the methyl red test. Organisms with a butanediol fer¬ 
mentation of glucose are of this type. While acids are produced, their amounts 
are much smaller than in the mixed acid fermentation, and a large proportion 
of the glucose is converted to 2,3-butanediol, a distinctive product of this type 
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of fermentation. Butanediol (butylene glycol) and its precursor acetoin are 
detected by the Voges-Proskauer test. Thus, determination of the fermen¬ 
tation pattern is a simple matter. 

The 12 genera of the family Enterobacteriaceae are separated into five 
groups or tribes, three of which include only one genus, while the other two 
include genera that are very closely related. Tribe I, Escherichieae, includes 
five genera: Escherichia, Edwardsiella, Citrobacter, Salmonella, and Shigella. 
The first three are normal inhabitants of human and animal intestines and are 
only infrequently involved in human infections. Salmonella and Shigella are 
pathogenic to humans and are responsible for several of the serious, some¬ 
times fatal illnesses that result from poor sanitation. Historically, typhoid 
fever, caused by Salmonella typhi, was one of the severe epidemic diseases of 
humans, and it still occurs in epidemic form in countries where sanitation is 
lacking and immunization is not practiced, and occasionally in countries 
where sanitation is supposedly good. All species of Salmonella are capable of 
causing enteric fevers similar to but usually less severe than typhoid fever. 
Salmonella species also cause gastroenteritis, commonly called “food 
poisoning,” and various other types of infections. The closely related genus, 
Shigella, includes four species, all of which cause bacillary dysentery in 
humans. Prevention of infection by either Salmonella or Shigella is depen¬ 
dent on strict sanitary controls of both water and food, since vaccines are not 
reliably effective. Humans who recover from infections frequently become 
carriers and continue to shed the organisms in feces. Epidemics may be 
started by such human carriers when sanitary controls are relaxed or when an 
untreated or insufficiently treated water supply is used. All the genera of the tribe 
Escherichieae have the mixed acid type of fermentation. They are differentiated 
on the basis of other biochemical tests. 

The tribe Klebsielleae includes four genera, all of which are commonly 
found both in the intestines of humans and animals and in soil and water. 
Finding these organisms in water is not considered evidence of fecal con¬ 
tamination. Klebsiella and Enterobacter are closely related species that are 
differentiated primarily on the basis of motility and pathogenicity. Both 
genera are capable of fixing nitrogen, but only under anaerobic conditions. 
Klebsiella species cause upper respiratory and other infections including one 
type of pneumonia, whereas Enterobacter (formerly Aerobacter) is non- 
pathogenic. The other two genera, Hafnia and Serratia, are also generally 
nonpathogenic. These organisms have the butanediol fermentation pathway. 

The other three tribes include only one genus each. Proteus (tribe 
Proteeae) is a common intestinal organism, which is also found in soil. It is 
noted primarily for its ability to degrade proteins. The genus Erwinia (tribe 
Erwinieae) includes a number of species that are associated with plants and 
often cause plant diseases such as soft rot, fire blight, or wilt. The genus 
Yersinia (tribe Yersinieae) includes three species, one of which has been 
responsible for some of the world’s most fatal epidemics. This is Y. pestis 
(Pasteurella pestis ), the organism that causes bubonic plague, known as the 
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Black Death. In one European epidemic in the fourteenth century, one-fourth 
of the population died of the disease. While it still is found sporadically in 
various parts of the world, the organism appears to have become much less 
virulent. The other two species of Yersinia are primarily animal pathogens 
but may infect humans. Y. enterocolitica causes gastrointestinal disease in 
humans and has been spread through contaminated water supplies. The 
organisms survive best in cold weather, and most human cases occur under 
these conditions. Bubonic plague is not a waterborne disease but is spread 
from rodents to humans by fleas. 

The second family of this group of organisms, the Vibrionaceae, includes 
another of the great killers of mankind, which is spread by fecal con¬ 
tamination of water. The genus Vibrio includes the species V. cholerae, which 
causes human cholera. As in other waterborne diseases, prevention requires 
adequate treatment of sewage and purification of water supplies as well as 
regulations for food handling. Untreated cases have a fatality rate of ap¬ 
proximately 60 percent, and individuals who recover continue to excrete large 
numbers of the bacteria in feces for as long as 1 year. Some persons may 
become permanent carriers. No really effective vaccine is available. Other 
species of Vibrio are marine and fresh-water organisms that may cause 
disease in fish and enteritis in humans who eat seafood. The other genera of 
this family are: Aeromonas, a fresh-water organism, some strains of which 
are pathogenic for frogs, snakes, or fish and occasionally humans; 
Plesiomonas, an intestinal organism that has caused outbreaks of gastroen¬ 
teritis in humans; and Photobacterium and Lucibacterium, luminescent 
marine bacteria. 

Two genera that are frequently isolated from soil and water are not 
included in the enteric group although they have some of the same charac¬ 
teristics. These are Chromobacterium, which forms a purple pigment, and 
Flavobacterium, which forms yellow, orange, or red pigment. Both are 
Gram-negative rods and include aerobic species and facultatively anaerobic 
species. 

Gram-negative anaerobic rods These include three genera that are not easily 
cultivated on ordinary laboratory media. They are strict anaerobes and grow 
best in a medium to which serum or bile and a reducing agent have been 
added. They are parasitic and sometimes pathogenic to humans and other 
animals. The genera are Bacteroides, Fusobacterium, and Leptotrichia. Bac- 
teroides species are possibly the most numerous of the bacterial inhabitants 
of the human intestine, but their prolonged survival outside the body is 
prevented by their sensitivity to oxygen. 

A Gram-negative anaerobic chemoheterotroph that is important in the 
sulfur cycle is Desulfovibrio. Some strains are psychrophilic, whereas others 
are mesophilic. Since these organisms are strict anaerobes, they are found 
primarily in anaerobic bottom muds in both fresh and salt water. They obtain 
energy by anaerobic respiration, using sulfate as a terminal electron acceptor 
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and reducing it to hydrogen sulfide. These organisms also are generally 
capable of fixing nitrogen. No organic growth factors are required. Carbo¬ 
hydrates are not utilized, but organic acids and alcohols are generally used as 
sources of carbon and energy. Unlike most strict anaerobes, these organisms 
contain cytochromes. 

Gram-negative cocci The family Neisseriaceae includes four genera: Neis¬ 
seria, which is aerobic or facultatively anaerobic, and Branhamella, 
Moraxella, and Acinetobacter, all strictly aerobic. Neisseria, Branhamella, 
and Moraxella are pathogenic or parasitic on humans and animals and are not 
encountered outside the body. Acinetobacter and two other genera of Gram¬ 
negative cocci, Paracoccus and Lampropedia, are common inhabitants of soil 
and water. Paracoccus includes two species, both of which are denitrifiers, 
using either oxygen or nitrate as the terminal electron acceptor. P. deni- 
trificans can grow chemoorganotrophically using a wide range of organic 
compounds as sole sources of carbon and energy and either ammonia or 
nitrate as nitrogen source. It can also grow as a chemolithotrophic autotroph, 
using hydrogen as energy source and carbon dioxide as carbon source in 
completely inorganic media. The second species, P. halodenitrificans, requires 
organic growth factors and high salt concentrations and is found in brines. 
Lampropedia is an obligate aerobe that forms sheets of cells enclosed in an 
envelope. These float on the surface of the water and have been found in 
waters that contain organic material, e.g., in swamps. 

The Gram-negative anaerobic cocci are Veillonella, Acidaminococcus, 
and Megasphaera. These are strict anaerobes and are parasitic in humans and 
animals in the intestinal tract and rumen. They have complex growth 
requirements and probably can survive in few environments outside the body. 

Gram-positive cocci Three families are distinguished on the basis of mor¬ 
phology and relation to oxygen. The members of the family Micrococcaceae 
are aerobic or facultatively anaerobic. All are able to use oxygen as terminal 
electron acceptor for respiratory metabolism, and some are able to carry out 
anaerobic respiration using nitrate as terminal electron acceptor. The charac¬ 
teristic arrangement of cells is a result of division in more than one plane to 
form irregular clusters or cubical packets. The genera are Micrococcus, 
commonly found in soil and fresh water and utilizing only respiratory 
metabolism; Staphylococcus, parasites or pathogens of humans and animals 
and capable of respiration or fermentation; and Planococcus, marine 
organisms that are strictly aerobic. 

The family Streptococcaceae includes organisms that have the unique 
characteristic of indifference to oxygen. These organisms have no cyto¬ 
chromes and most have no catalase. Their metabolism is fermentative in the 
presence or absence of oxygen. All have complex growth requirements. The 
genus Streptococcus includes human and animal pathogens and parasites as 
well as such commercially important species as S. lactis and S. cremoris. 
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which are normal contaminants in milk and are used in dairy product 
manufacturing. S. faecalis is one of several species of streptococci commonly 
found in the human intestine. Fecal streptococci have been used as indicators 
of fecal contamination of water. The genus Leuconostoc also includes species 
used in dairy manufacture, and members of this genus are found only in milk 
and milk products or on plants and fermenting plant materials. Two species 
form slime from sucrose. One of these, L. mesenteroides, forms copious 
amounts of a slime, dextran, which sometimes creates serious problems in 
sugar refineries. Both Streptococcus and Leuconostoc typically form pairs 
and short to long chains. The genera Pediococcus and Aerococcus form pairs 
or tetrads (groups of four cells) and occur on fermenting plant materials, 
whereas the fifth genus, Gemella, is parasitic on humans and animals. All the 
genera of this family except Gemella are included in the group commonly 
called the lactic acid bacteria, since their sole or principal fermentation 
product is lactic acid. 

The third family of Gram-positive cocci, the Peptococcaceae, is strictly 
anaerobic organisms that have been isolated from soil and mud and also from 
human and animal intestinal and respiratory tracts. These organisms generally 
have complex growth requirements and are very sensitive to oxygen. Mem¬ 
bers of the genera Peptostreptococcus and Sarcina ferment carbohydrates, 
whereas Peptococcus species may ferment proteinaceous materials as well. 
The genus Ruminococcus includes the rumen organisms that ferment cel¬ 
lulose and cellobiose. 

The Lactobacillaceae, genus Lactobacillus, are Gram-positive rods that 
are included among the lactic acid bacteria. They are very similar in metabol¬ 
ism and habitat to the Streptococcaceae; they ferment sugars to lactic acid as 
a sole or principal product. 

Spore-forming bacteria These organisms are very important in the mineral¬ 
ization of organic matter in a variety of habitats. The two principal genera. 
Bacillus and Clostridium, are Gram-positive rods that differ in their relation 
to oxygen. Bacillus species are strictly aerobic or facultatively anaerobic, 
whereas Clostridium includes strictly anaerobic species, most of which can¬ 
not grow in the presence of oxygen. These organisms as a group are 
metabolically quite versatile, although some individual species are restricted 
to one or a few organic substrates. Both genera include species that are able 
to fix nitrogen. Two species of Bacillus fix nitrogen, but only anaerobically, 
whereas several species of Clostridium are able to fix nitrogen. Both genera 
include species that can hydrolyze polysaccharides, proteins, fats, and nucleic 
acids and metabolize the products of hydrolysis. At least one species of 
Clostridium is able to ferment cellulose. Both genera include species that are 
thermophilic. One species of Bacillus, B. licheniformis, is an active denitrifier. 
Other species are capable of using nitrate as terminal electron acceptor but 
reduce it no further than nitrite. The principal habitats of these organisms are 
soil, bottom muds (for the anaerobic or facultative species), and animal 
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intestines. Their ability to form spores that are resistant to heat and desic¬ 
cation allows them to survive when nutrients are unavailable or during dry 
periods, and their spores are easily carried from place to place by wind. 
Contamination of food or of puncture wounds with spores of Clostridium can 
have serious, often fatal consequences. C. botulinum growing in food 
produces toxins, proteins excreted by the cell, which are lethal in minute 
quantities. Other species, e.g., C. perfringens, cause food poisoning but 
produce less powerful toxins. Infection of a deep wound with C. tetani causes 
tetanus, the symptoms of which are due to toxin production by the organism 
growing in the infected wound. Several species, most frequently C. per¬ 
fringens, grow rapidly in deep wounds and cause gas gangrene. 

Three other genera of bacteria form spores. Sporolactobacillus is micro- 
aerophilic and ferments sugars to lactic acid. Desulfotomaculum includes two 
species, one of which is thermophilic. These organisms are strict anaerobes 
and metabolize simple organic acids. Sulfate and other oxidized sulfur com¬ 
pounds are used as terminal electron acceptors and are reduced to hydrogen 
sulfide. Sporosarcina is a strict aerobe that metabolizes simple organic acids 
and has complex growth requirements. Both Sporolactobacillus and Desul¬ 
fotomaculum are rods, whereas Sporosarcina is a coccus that forms cubical 
packets of cells. 

Coryneform bacteria This is a rather ill-defined group of generally rod-shaped 
organisms that produce cells of irregular shape, often characterized as club- 
shaped, which in some genera fragment into cocci in older cultures. Rods still 
attached after division are connected to each other at acute angles, the result 
of so-called “snapping” division. These organisms are a diverse group including 
some important human and animal pathogens and some common soil and 
water bacteria. We shall describe only the more common organisms of the 
group. 

The genus Corynebacterium, from which the common name of the group 
is derived, includes such pathogens as C. diphtheriae, which causes diphtheria 
in humans, and a variety of other animal pathogens and parasites. These 
species are facultative anaerobes. A second group of Corynebacterium spe¬ 
cies are plant pathogens; these are strict aerobes. A third group is composed 
of the nonpathogenic species commonly found in soil and water. These have 
not been studied well, but most are probably aerobic. 

A closely related genus is Arthrobacter. These organisms are strict 
aerobes and are able to oxidize a wide variety of organic compounds. Their 
distinguishing characteristic is the succession of morphological forms that 
appear as the culture ages. Young cells are irregularly shaped rods, usually in 
short chains forming “Chinese letter” arrangements due to the angles between 
the cells. As the culture ages, the rods divide into cocci, which often remain 
attached in the original configuration and produce angular, rigid chains. Often 
large spherical cells called cystites or arthrospores are produced. These 
bacteria are generally found in large numbers in soil and water, probably 
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because of their versatility in using many different organic compounds as 
carbon and energy source and the simple nutritional requirements of many 
species. Another related genus is Cellulomonas. The outstanding charac¬ 
teristic of these organisms is their ability to metabolize cellulose. 

The coryneform bacteria are related to a series of morphological forms 
that gradually progress to greater lengths and a branching structure similar to 
the mycelium formed by fungi. In some genera the mycelium fragments into 
cocci in older cultures. A very large number of genera are included in this 
group of bacteria. Most are typically found in soil, although some are 
parasites or pathogens of humans or animals. The most fully developed 
branching mycelial growth is found in the actinomycetes, order Actinomy- 
cetales. These are common in soil and less common in water, but they have 
been implicated as the cause of taste and odor problems in water supplies 
obtained from reservoirs. Some form spores borne on aerial hyphae some¬ 
what similar to those found in fungi. These organisms are procaryotes and are 
considered to be bacteria in spite of their morphological relationship to the 
fungi. 


A COMMENT ON TAXONOMY AND ITS APPLICATIONS 

We have attempted to provide in this chapter a brief overview of the rather 
bewildering variety of morphological forms and biochemical capabilities that 
make up the world of microorganisms. We have emphasized the bacteria 
because they exhibit the greatest metabolic variation. Among the bacteria, we 
have omitted many genera and have given others only a brief mention. We 
have described in greatest detail those organisms and groups of organisms 
that we believe to be of the greatest interest or importance to the environ¬ 
mental technologist. 

The information included here is intended as a preliminary guide to the 
groups of organisms that may be expected to inhabit various types of 
environments. For additional information, specialized texts should be con¬ 
sulted. The authoritative source for identification of bacteria is Bergey’s 
Manual of Determinative Bacteriology (Buchanan and Gibbons, 1974), from 
which much information used in this chapter was taken. A useful source of 
information on many of the microorganisms found in water supplies is 
Whipple’s Microscopy of Drinking Water (1899), which describes procaryotic 
and eucaryotic microorganisms as well as larger organisms such as rotifers 
and crustaceans. 

A knowledge of the characteristics of individual genera or species of 
microorganisms will be of varying usefulness to environmental technologists 
depending on their specific areas of activity. As was stated earlier, the 
identification of microorganisms in most cases requires specialized training 
and experience. However, there are many aspects of environmental tech¬ 
nology in which general knowledge and careful observation can be of great 
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value. It is not necessary to identify the species of microorganisms present in 
an activated sludge, for example, to benefit from application of micro¬ 
biological techniques. Frequent use of the ordinary light microscope or the 
phase contrast microscope can provide much useful information. (The phase 
contrast microscope is preferable for examination of unstained cells.) Micro¬ 
scopic observation of a wet mount preparation of “healthy” activated sludge 
reveals a flocculated mass of bacteria with some filamentous forms entwined 
in the floe and various types of grazing protozoa and crustaceans. It is not 
necessary to identify species or to make a quantitative count to determine 
whether the types and relative numbers of protozoa and higher forms have 
diminished since the previous observation and whether this correlates with an 
increase in the amount of suspended solids in the effluent. It is also simple to 
determine whether an increase in the relative numbers of filamentous forms 
correlates with a decrease in the settling rate and compactibility of the sludge. 
With a little practice, one can distinguish between fungal filaments and the 
sheathed bacteria such as Sphaerotilus natans and combine these obser¬ 
vations with the knowledge that most fungi prefer a low pH and that S. 
natans grows well with sugars at low DO levels. Microscopic observations 
and knowledge of the nutritional preferences of the types of microorganisms 
observed can be correlated with the quantitative analyses, e.g., pH, DO, and 
S,-, to set limits and guidelines in the design of strategies for successful 
operation. For example, one may note a small increase in the number of 
filamentous fungi some days before the sludge begins to bulk, thereby gaining 
time to set in motion appropriate countermeasures, for example, make a slight 
pH adjustment or add flocculating or weighting chemicals. 

It cannot be overemphasized that the processes inserted into the decay 
leg of the carbon-oxygen cycle must be subjected to technological control— 
they do not operate themselves. Microscopic observation is a far more 
economical and more easily performed analytical aid to operational engineer¬ 
ing than are the other biological, chemical, and physical analyses that are 
performed routinely, and its use in combination with the more quantitative 
determinations can enhance the possibilities for more successful control of 
the aqueous environment. 


PROBLEMS 


8-1 Seven metabolically different types of microorganisms are described below (A-G). Six media 
also are given, and the conditions of incubation, i.e., presence or absence of light and air, are 
specified (I—VI). For each medium list the organisms that could grow under the conditions 
specified, and for each organism give its carbon source, energy source, nitrogen source, and 
electron donor. 

Organisms: 

A. Chemoorganotrophic, fermentative metabolism, has no cytochromes or catalase, requires 

organic nitrogen, has multiple organic growth factor requirements 

B. Photolithotrophic, autotrophic, has bacterial type of photosynthesis 
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C. Photoorganotrophic, facultative phototroph, facultative anaerobe, prototrophic, has bac¬ 
terial type of photosynthesis 

D. Photolithotrophic, autotrophic, has plant type of photosynthesis 

E. Chemoorganotrophic, respiratory metabolism—aerobic or anaerobic, prototrophic 

F. Chemolithotrophic, prototrophic 

G. Chemoorganotrophic, respiratory or fermentative metabolism, multiple growth factor 
requirements 


Ingredients and conditions of incubation: 
I. Glucose, 1 g 
Tryptone, 1 g 
Yeast extract, 1 g 
Water, 1 L 
Dark 
Air 


III. (NH 4 ):S0 4 . 10 mg 
KH:P0 4 , 0.1 g 
NaHCOi, 1 g 
NaNO,, 0.1 g 
Water, 1 L 
Light 
No air 


II. Glucose, 1 g 
KH2PO4, 0.1 g 
(NH 4 ) ; S0 4 , 0.1 g 
NaNO,, O.lg 
Water, 1 L 
No air 
Light 

IV. Glucose, 1 g 
Tryptone, 1 g 
Yeast extract, 0.1 g 
NH 4 C1. O.lg 
Water, 1 L 
No air 
Dark 


V. NaHCO,, 1 g 
Na ; S, 1 g 
K2HPO4, O.lg 
NH4CI, O.lg 
Water, 1 L 
Light 
No air 


VI. (NH4):S0 4 , 1 g 
K2HPO4, O.lg 
Water, 1 L 
Air 
Light 


8-2 Match each of the following microorganisms to one of the descriptions (A-G) in Prob. 1: (a) 
cyanobacteria, (b) purple nonsulfur bacteria, (c) green sulfur bacteria, (d) Nitrobacter, (e) 
Pseudomonas. (/) Streptococcus, (g) Thiobacillus thiooxidans, (h) Clostridium, (i) yeast. 

8-3 List the common characteristics of the organisms that would be classified as autotrophs 
according to the new definition proposed by Whittenbury and Kelly (1977). 

8-4 Consult the 8th edition of Bergey's Manual and list the characteristics that differentiate 
among the genera Escherichia, Salmonella, and Enterobacter. Include only those that are the 
same for all strains or species of a genus. 

8-5 Describe in general terms the metabolic characteristics and nutritional requirements of the 
following groups: 

(a) Algae 

( b) Cyanobacteria 

(c) Protozoa 

(d) Fungi 

8-6 Describe the process of crown corrosion in a concrete sewer. What types of bacteria 
contribute to the process and what are their outstanding metabolic characteristics? 

8-7 Discuss the relationship among carbon source, energy source, and electron donor in chemo- 
heterotrophs. What determines whether a single compound can serve all three purposes? 

8-8 As a class project, consult research journals in the library and locate reports in which the 
bacteria present in activated sludges, polluted streams, and oxidation ponds have been identified. 
Then determine the metabolic requirements of these organisms from descriptions in Bergey's 
Manual and try to draw conclusions as to the selective conditions, if any, in each case. 
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8-9 Give one or more distinguishing characteristics (e.g., shape, Gram-staining reaction, relation 
to oxygen, metabolic groups, etc.) for each of the following genera: 


(a) Sphaerotilus 

(b) Chromatium 

(c) Azotobacter 

(d) Clostridium 

(e) Streptococcus 
(/) Pseudomonas 


( g ) Arthrobacter 

(h) Zoogloea 

(i) Shigella 

O') Staphylococcus 
(k ) Bacillus 
(!) Spirillum 
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CHAPTER 

NINE _ 

THE CENTRAL PATHWAYS OF METABOLISM 


Chapters 9, 10, and 11 deal with the orderly processing of material through the 
cell (metabolism), which results in the return of some substrate carbon to 
carbon dioxide for recycling in the environment and the rearranging and 
assembling of some substrate carbon into new cell substance. Figure 9-1 will 
help to bring into focus the major concerns of this chapter and define some 
general terms that describe the reactions we shall discuss. The dashed oval 
represents the boundary of a microbial cell, the “littlest reactor.” 

Metabolism is a term that embraces all the diverse reactions by which a 
cell processes food materials to obtain energy and the compounds from which 
new cell components are made. The degradative reaction sequences that yield 
energy and building blocks for biosynthesis in chemoheterotrophs are collec¬ 
tively termed catabolism, while the biosynthetic reactions constitute anabol¬ 
ism. Catabolism involves the conversion of a variety of substrates belonging 
to various classes of compounds into intermediate products that can enter one 
of a few central catabolic pathways. These central pathways degrade organic 
compounds to carbon dioxide under aerobic conditions. Anabolism involves 
the use of various intermediates in these central pathways as starting points 
for a variety of biosynthetic pathways that lead to the many different 
compounds required for the manufacture of new cells. Thus, the central 
pathways of catabolism, which are common to a wide range of organisms, 
might be considered as the essential core of the cell’s metabolism. Metabolic 
reactions specific for individual substrates used as sources of energy and 
carbon converge toward the central pathways, while synthetic reactions 
diverge from them. 

In Chap. 3 we examined the structures of many of the types of com¬ 
pounds that comprise living cells. These compounds were of interest in the 

382 
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Hydrolysis and 
transport of: 
Proteins 
Carbohydrates 
Lipids 

Nucleic acids 
(Disorganized array) 


Use of carbon skeletons and ATP 
Synthesis of cellular components 
Proteins 
Carbohydrates 
Lipids 

Nucleic acids 
(Organized array) 


Figure 9-1 The orderly flow of carbon into a cell; its rearrangement, oxidation, and utilization for the 
manufacture of new cell components. The pathways for catabolism of organic compounds converge 
toward the central pathways, and the anabolic pathways for synthesis of new cell material diverge 
from the central core. 


context of environmental engineering and science because of their position in 
the carbon-oxygen cycle. They are continually and repeatedly synthesized 
and degraded by living cells of all types. Photoautotrophs, with a minor 
contribution from chemoautotrophs, convert carbon dioxide to all the com¬ 
pounds that are required for the production of new cells. The compounds 
synthesized by these primary producers of organic matter serve as carbon and 
energy sources for heterotrophic organisms of all types, from bacteria to 
humans. The macromolecules synthesized by one species to reproduce itself 
are degraded by another, and the monomers are reassembled according to the 
genetic pattern of the new cell or are degraded to supply energy and simpler 
building blocks for the synthesis of different compounds. In degrading the 
material of other cells, a portion of the organic carbon is oxidized to carbon 
dioxide and is released for use again by autotrophs to complete the cycle. 

Let us assume that the aqueous medium in which the cell depicted in Fig. 
9-1 is suspended contains macro molecular organic substrates such as poly¬ 
saccharides, proteins, or lipids. If substrates are to be metabolized, they must 
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be brought into the cell, but macromolecules cannot enter the cell. Catabolism 
of large molecules begins outside the cell with their hydrolysis to fragments 
small enough to be transported into the cell. Transport of substrates requires 
energy and depends on the presence of specific transport proteins in the cell 
membrane. As the first step that leads to utilization of a substrate by the cell, 
transport is a vital link in the catabolic process. The ability of an organism to 
utilize a specific substrate depends not only on its ability to synthesize the 
required enzymes for metabolism of the substrate but also on its ability to 
transport the substrate into the cell. A well-known example of the lack of a 
transport system is found in the inability of Escherichia coli to use citrate as a 
substrate for growth. As we shall see later in this chapter, citrate is an 
intermediate in the TCA cycle, and any organism that uses the TCA cycle, as 
E. coli does, has the enzymes required to metabolize citrate. However, E. coli 
has no transport system for citrate and therefore cannot utilize citrate that is 
supplied as an exogenous substrate. The test for citrate utilization is one of 
the characteristic reactions used to identify E. coli. 

After gaining access to the “reactor,” the raw material is prepared for 
entry into a set pattern (pathway) of reactions that convert diverse types of 
organic substrates to carbon dioxide and to building blocks, carbon com¬ 
pounds of particular types and sizes. The specific preparatory reactions used 
by the cell depend on the nature of the raw material and the organism. These 
will be considered in the following chapters. Here we shall consider the major 
metabolic reaction sequences, which are an important aspect of the unity that 
characterizes the chemistry of living matter, i.e., the central pathways of 
catabolism. These provide, from the diverse bits and pieces of raw material 
entering the cell, the uniform building blocks of carbon “skeletons” and the 
energy (ATP) needed to combine these building blocks to form the cellular 
proteins, carbohydrates, and other components. 


THE UNITY OF BIOCHEMISTRY 

All living cells are composed of the same types of materials: proteins, lipids, 
carbohydrates, RNA, and DNA. All require the same elements in roughly the 
same proportions. All utilize the same monomers to synthesize their proteins 
and nucleic acids, and many different types of cells use the same types of 
monomers for the synthesis of lipids and carbohydrates. The finding that 
amazed and delighted early investigators of metabolism was the “unity of 
biochemistry”; that is, all heterotrophic cells, from bacteria to humans, share 
many common reactions, both anabolic and catabolic. 

Many anabolic pathways are shared by a great variety of species. The 
pathways for the synthesis of most amino acids are the same in most living 
cells. Indeed, many of these pathways were first investigated in bacteria and 
fungi because of the relative ease of working with these organisms, and the 
same reactions were then sought and found in higher organisms. While many 
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species, from bacteria to humans, are unable to synthesize all the amino acids 
required for protein synthesis, pathways for synthesis of the amino acids that 
can be synthesized are generally similar or identical in all species. Syntheses 
of other small molecules such as sugars, organic acids, and nucleic acid bases 
are similarly achieved by identical or almost identical reactions in all 
organisms able to carry out these processes. Thus, in the entire gamut of 
living organisms, from the simplest—bacteria—to the most complex—higher 
plants and animals, many of the same compounds are made and many of the 
same reactions occur. The differences among species or individual organisms 
in relation to the biosynthesis of cellular components thus lies almost entirely 
in the ability of the organisms to synthesize required molecules, i.e., not in the 
reactions of a pathway but in the presence or absence of the pathway. After 
synthesizing the required monomers or acquiring them preformed as a 
product of the degradation of another cell, all cells use essentially the same 
reactions for polymerizing monomers to form the macromolecules of the cell. 
The anabolic reactions of metabolism thus have many common features in all 
living organisms. 

Catabolism exhibits some equally striking similarities in a broad range of 
organisms. The central catabolic pathways are identical in all aerobic eucary- 
otic cells and in many procaryotic cells; that is, E. coli or yeast, growing 
aerobically, uses exactly the same reactions in the degradation of glucose to 
carbon dioxide and water as does the human muscle cell, using glucose as an 
energy source; both use the EMP pathway and the TCA cycle. However, 
there are differences in the catabolic capabilities of microorganisms and 
higher organisms, which are particularly important in the degradative leg of 
the carbon-oxygen cycle. Many individual species or genera of bacteria and 
fungi possess very specialized catabolic pathways. Some have central 
catabolic pathways not found in higher organisms, e.g., the Entner-Douderoff 
pathway of the pseudomonads and the phosphoketolase pathway of the 
heterolactics. 

Aerobic microorganisms, as we emphasized in previous chapters, are 
capable of degrading many compounds that are not metabolized by higher 
organisms. Hydrocarbons, for example, are metabolized rapidly by various 
species of bacteria and fungi but only very slowly or not at all by animal 
tissues. Thus, microorganisms exhibit a greater variety of enzymatic capabili¬ 
ties in preparing compounds for entry into the central pathways while utilizing 
in most cases the same central pathways as do higher organisms. As we stated 
previously, most microbiologists believe that there are few synthetic or 
naturally occurring compounds that are not subject to microbial degradation. 
It is this metabolic versatility that makes the aerobic microorganisms so 
useful in biological processes for the treatment of a great variety of wastes of 
domestic and industrial origin. 

A variety of catabolic reactions is found also among fermentative bac¬ 
teria. Many of these begin the degradation of substrate through the same 
central pathway used by aerobic eucaryotes (EMP). However, as we dis- 
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cussed in Chap. 7, fermentation requires the use of organic electron ac¬ 
ceptors, which the cell must make from its energy source. This leads to a 
great variety of additional reactions in the formation of fermentation 
products. Other fermentative bacteria use none of the common catabolic 
reactions but possess specialized pathways restricted to the use of one or a 
few types of substrates. The anaerobic microorganisms (both obligate and 
facultative) perform important functions in the recycling of carbon, parti¬ 
cularly in nature where anaerobic environments preclude the aerobic 
degradation of organic material. The engineered subcycles emphasize aerobic 
processes because these are necessary for the complete degradation of carbon 
compounds to carbon dioxide and because some types of compounds can be 
attacked only aerobically. Hydrocarbons, for example, cannot be fermented. 
The persistence of underground reservoirs of petroleum is made possible by 
the fact that they are not exposed to oxygen, which would encourage their 
metabolism by aerobic microorganisms. 

In this and the following two chapters we shall consider some aspects of 
metabolism that are essential to the understanding of the processes by which 
organic carbon is recycled in the natural cycles and the engineered subcycles 
described in Chaps. 1 and 2. In this chapter we will examine the central 
catabolic pathways used by the great majority of heterotrophic organisms for 
the complete catabolism of organic compounds to carbon dioxide and water. 
These are central not only to the carbon and energy metabolism of the cell but 
also to the functioning of the carbon-oxygen cycle. We will also examine the 
reactions of the synthetic leg of the carbon-oxygen cycle by which autotro¬ 
phic organisms convert carbon dioxide to organic matter. In Chap. 10 we will 
consider some of the reactions required to prepare various classes of sub¬ 
strates for entry into the central pathways in aerobic organisms and the 
aerobic processes utilized in the technological control of pollution by organic 
wastes. In Chap. 11 we will examine the anaerobic processes important in the 
recycling of carbon in anaerobic environments and the anaerobic treatment of 
organic matter. 

The more specialized metabolic pathways used by a minority of species 
for the degradation of one or a few substrates will not be considered unless 
they are of major importance in biological waste treatment or in some aspect 
of the carbon-oxygen cycle in nature. We shall consider the biosynthesis of 
the major cellular components only from the viewpoint of their origins, i.e., 
the use of catabolic intermediates as precursors of cellular materials. Readers 
interested in specific metabolic pathways may see the references listed at the 
end of this chapter. 

Three pathways are central to the use of organic substrates as sources of 
energy and carbon in most heterotrophic microorganisms. These pathways 
provide energy to the cell and also provide most of the initial substrates for 
whatever biosynthetic pathways the cell possesses. These pathways are: (1) 
the Embden-Meyerhof-Parnas (EMP) pathway, often called glycolysis ; (2) the 
hexose monophosphate (HMP) pathway; and (3) the cyclic pathway for 



GLYCOLYSIS—THE EMBDEN-MEYERHOF-PARNAS PATHWAY 387 


terminal oxidation, which has been given several names—the tricarboxylic 
acid (TCA) cycle, the citric acid cycle, and the Krebs cycle in honor of Sir 
Hans Krebs, its discoverer. These pathways are interrelated, as are all 
metabolic pathways. These interrelationships, including specialized catabolic 
pathways and biosynthetic pathways, are often presented as a “metabolic 
map,” which appears as a maze of reactions more complex than a map of the 
rapid transit system of New York City. The seemingly bewildering variety of 
reactions in such a map or in the pages of a biochemistry text reduces, upon 
closer examination, to a really rather simple group of type reactions, that is, 
reactions that accomplish the same purpose by altering the same groups in the 
same ways, regardless of the structure of the rest of the molecule. We will 
examine some of the individual reactions of the three central catabolic 
pathways in detail, both because of the importance of these pathways and 
because they afford the opportunity to illustrate many of these repeated 
reactions. Other important type reactions occur during the preparation of 
molecules for entry into the central pathways; these will be described in 
subsequent chapters. 


GLYCOLYSIS—THE EMBDEN-MEYERHOF-PARNAS PATHWAY 

The glycolytic (EMP) pathway is the major route for catabolism of carbo¬ 
hydrates and related compounds in most microorganisms. In Chap. 7 we 
described this pathway briefly in relation to its function in the energy 
metabolism of the cell, and we examined two reactions of the pathway as 
examples of ATP formation by substrate level phosphorylation [Eqs. (7-7) to 
(7-10)]. We shall now examine the overall pathway, using glucose as a starting 
point. Glucose occurs widely in nature as the monomer comprising the major 
storage carbohydrates, starch in plants and glycogen in animals, as well as 
structural polysaccharides such as cellulose. Perhaps because of its wide¬ 
spread occurrence, it is used readily by most microorganisms and is the 
preferred energy source for many. 

In the EMP pathway, a molecule of glucose is converted to two molecules 
of pyruvic acid through the series of reactions shown in Fig. 9-2. In the 
process, two molecules of ATP are produced by substrate level phosphoryl¬ 
ation and two molecules of NAD are reduced. No oxygen is involved in this 
series of reactions, and the process can be utilized equally well by both 
aerobic and anaerobic organisms. However, the further metabolism of pyruvic 
acid differs greatly in aerobic and anaerobic cells. The two molecules of 
NADH 2 must be reoxidized to NAD; that is, the electrons removed from the 
energy source must be passed from the electron carrier, NAD, to a final 
electron acceptor. In aerobic cells, pyruvic acid can be completely oxidized to 
carbon dioxide by entering another of the central pathways, the TCA cycle. In 
anaerobic cells, pyruvic acid may serve as the final electron acceptor, forming 
lactic acid as the end product of the pathway, or it may be converted to other 
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Figure 9-2 The Embden-Meyerhof-Parnas (EMP) pathway for catabolism of glucose. Numbers in 
parentheses are for the text equations of individual reactions. 


electron acceptors, which differ with the species involved. Microorganisms, 
primarily bacteria, exhibit far greater ingenuity in the metabolism of pyruvate 
than do higher organisms, as we shall see in Chap. 11. Because of the variety 
of pathways into which pyruvate may enter, it may be considered the pivotal 
compound of the central catabolic pathways for carbohydrate degradation. 

As in many metabolic sequences, most of the reactions of the EMP 
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pathway may be considered as preparatory reactions leading up to the 
reactions that fulfill the real purpose of the sequence—the release and capture 
of energy. It may appear paradoxical that in a pathway designed to synthesize 
ATP, two molecules of ATP are used. The cell invests some of its precious 
store of usable energy in the hope of making a profit. One reason for the 
immediate phosphorylation of the energy source, which is common in 
catabolic pathways, may be to prevent its loss by diffusion from the cell, since 
the membrane is almost impermeable to ionized compounds. Whatever the 
reason, the investment of ATP is a wise one since it is repaid with 100 percent 
interest almost immediately. 

The initial reaction of the pathway [Eq. (9-1)] is one of the reactions in 
which ATP is expended. Thus free glucose entering the cell is immediately 
converted to glucose 6-phosphate. 
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The enzyme hexokinase is able to phosphorylate other sugars in addition 
to glucose. In this reaction, the energy of hydrolysis of the terminal phosphate 
group of ATP is more than sufficient to supply the energy required for the 
transfer of the phosphate group to the glucose molecule, forming an ester 
bond between the alcohol group on carbon-6 and the acidic phosphate (in 
effect, H3PO4, phosphoric acid). 

Other mechanisms of formation of glucose 6-phosphate are utilized under 
certain conditions. If glucose is obtained from an internal store of glycogen or 
starch, the polymer may be converted directly to glucose 1-phosphate by 
phosphorolysis, as opposed to hydrolysis. In that case, cleavage of the bonds 
between successive glucose units in the polymer occurs by the addition of 
phosphoric acid rather than water [Eq. (9-2)]. 

This reaction is catalyzed by a phosphorylase, either glycogen phos- 
phorylase or starch phosphorylase, depending on the substrate. Although this 
mechanism of phosphorylation of glucose would seem at first glance to 
represent a savings of energy to the cell, since ATP is not required as a 
source of the phosphate group, the ultimate cost in energy to the cell is the 
same. The formation of the polysaccharide requires the expenditure of two 
high-energy phosphate bonds for the addition of each glucose monomer. 
Thus, phosphorolysis of the bond in effect conserves half the energy expen- 
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glucose I-phosphate glycogen (less one glucose) 


ded in its formation, and the phosphorylation of glucose requires the use of 
the bond energy of ATP by either mechanism. For entry into the EMP 
pathway, the phosphate group must be transferred from carbon-1 to carbon-6, 
and this is accomplished by the enzyme phosphoglucomuta.se [Eq. (9-3)]. 



In some microorganisms, free glucose is not transported into the cell. 
Phosphorylation of glucose and other sugars can occur as an integral com¬ 
ponent of the entry process, catalyzed by the phosphotransferase system. 

Phosphoenolpyruvate + HPr-» pyruvate + phospho-HPr (9-4) 
Phospho-HPr + glucose -*■ HPr + glucose 6-phosphate (9-5) 

HPr is a small protein (molecular weight 9400) containing a histidine, 
which is phosphorylated in reaction (9-4). This phosphorylation is unusual in 
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that a metabolic intermediate, phosphoenolpyruvate (PEP), rather than ATP 
is the phosphate donor. Again, however, the energy cost to the cell is the 
same as if ATP had been used, since phosphoenolpyruvate would otherwise 
be used as a phosphate donor in the synthesis of ATP [see Eq. (9-14)]. 

Reaction (9-5) is catalyzed by an enzyme located in the cell membrane. 
This enzyme binds free glucose at the outer surface of the membrane and 
transfers it to the inner surface, where it is phosphorylated and released into 
the cytoplasm. 

After glucose 6-phosphate has been formed, a rearrangement of the 
molecule is catalyzed by glucose phosphate isomerase, which converts the 
aldohexose to a ketohexose [Eq. (9-6)]. 
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The resulting molecule, fructose 6-phosphate, now has the same configuration 
at carbon-1 as that originally present at carbon-6, and the same reaction can 
occur. Thus, the isomerization is a simple internal rearrangement that pre¬ 
pares the molecule for the reaction that follows. 

The second investment of phosphate bond energy occurs when ATP 
donates its terminal phosphate group to carbon-1 of fructose 6-phosphate in a 
reaction catalyzed by 6-phosphofructokinase [Eq. (9-7)]. 
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A comparison of this reaction with Eq. (9-1) shows that the two are identical. 
In both, ATP is the phosphate donor, resulting in esterification of a primary 
alcohol. 

The next reaction [Eq. (9-8)] is a reversal of the aldol condensation 
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reaction, which is so useful in organic syntheses. The enzyme fructose 
diphosphate aldolase splits the six-carbon molecule into two triose phos¬ 
phates: an aldehyde, glyceraldehyde 3-phosphate, and a ketone, dihydroxy- 
acetone phosphate. 
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This reaction is reversible and would actually proceed toward condensation if 
the products were not removed by subsequent reactions. 

The two triose phosphates formed by the aldolase reaction are isomers, 
just as were the two hexose phosphates encountered earlier in the pathway, 
and they can be interconverted by an isomerase [Eq. (9-9)] in a reaction 
analogous to Eq. (9-6). 
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The enzyme catalyzing this reversible internal rearrangement is triose 
phosphate isomerase. The equilibrium of the isomerase reaction favors con¬ 
version of the aldehyde to the ketone, but the reaction is pulled toward the 
aldehyde because the substrate for the reaction that follows is glyceraldehyde 
3-phosphate. Some dihydroxyacetone phosphate may be diverted to the 
synthesis of lipids, as we shall see later. 

We have already described the next two reactions [Eqs. (7-7) and (7-8)]. 
All the reactions that have occurred to this point prepare the molecule for the 
single oxidative reaction in the entire EMP pathway. We discussed in Chap. 7 
that glycolysis releases only a small proportion of the energy potentially 
available from the catabolism of glucose. This is due to the fact that only one 
oxidative step is included in the pathway—that catalyzed by glyceraldehyde 
3-phosphate dehydrogenase [Eq. (9-10)]. 
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1,3-diphospho- 
glyceric acid 


In this reaction, the aldehyde is oxidized to the acid, and the energy released 
by the oxidation is utilized to add inorganic phosphate and form the mixed 
anhydride of phosphoric acid and 3-phosphoglyceric acid. The two hydrogen 
atoms removed in the oxidation are accepted by the electron carrier, NAD. 

We have noted that an acid anhydride is a highly unstable and reactive 
compound that can donate its phosphate group to ADP to form ATP. This 
occurs in the reaction catalyzed by phosphoglycerate kinase [Eq. (9-11)]. 
Reactions (9-10) and (9-11) result in the phosphorylation of ADP by inorganic 
phosphate using energy supplied by the oxidation of glyceraldehyde 3-phos- 
phate —substrate level phosphorylation. 
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The two molecules of 1,3-diphosphoglyceric acid thus are utilized to 
synthesize two molecules of ATP, which replace the two molecules utilized 
earlier in the pathway. A series of rearrangements designed to prepare the 
molecule for acting again as phosphate donor now ensues. This is necessary 
because the remaining phosphate group is in an ester linkage that is stable and 
not active as a donor. 

The first preparatory reaction is one in which the phosphate group is 
moved from carbon-3 to carbon-2 [Eq. (9-12)]. 
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This reaction is catalyzed by phosphoglyceromutase and is analogous to the 
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reaction in which glucose 1-phosphate was converted to glucose 6-phosphate 
by a mutase [Eq. (9-3)]. The conversion of 3-phosphoglyceric acid to 2- 
phosphoglyceric acid prepares the molecule for a reaction that converts it 
from a poor phosphate donor to an active one. 

The destabilization of the phosphate group is accomplished by the remo¬ 
val of a molecule of water (dehydration) catalyzed by the enzyme enolase 
[Eq. (9-13)]. 


C—OH 
c-i I 

;h;copo 3 h 2 

H 2 C;OH; 

2-phosphoglyceric acid 




z 0 

C—OH 

I 

copo 3 h 2 

I! 

ch 2 


(9-13) 


phosphoenolpyruvic acid 
(PEP) 


This internal oxidation-reduction reaction, involving carbon atoms 2 and 3, 
creates a molecule with a very high free energy of hydrolysis that is capable 
of donating phosphate to ADP. This occurs in reaction (9-14). 

In the reaction catalyzed by pyruvate kinase, phosphate is transferred 
from phosphoenolpyruvate to ADP, forming ATP and pyruvic acid [Eq. 
(9-14)]. 
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Since two molecules of PEP are formed per molecule of glucose, two 
molecules of ATP are formed in this step. 

We can now summarize the reactions examined thus far. One molecule of 
glucose has been converted to two molecules of pyruvic acid with the net 
production of two molecules of ATP. The pathway cannot stop here because 
two molecules of NAD have been reduced to NADH 2 , and it is necessary that 
the hydrogen (two hydrogen ions and two electrons) be passed on to other 
electron carriers or acceptors so that NAD can continue to function as an 
electron carrier, i.e., as a temporary acceptor of electrons in oxidative 
reactions. As we stated above, the further reactions of pyruvate and the 
regeneration of NAD are different in cells that have respiratory and fer¬ 
mentative metabolism. If a cell has a respiratory metabolism, either aerobic or 
anaerobic, that uses an external, inorganic electron acceptor, it may 
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regenerate its reduced NAD by passing electrons to an electron transport 
chain (see Chap. 7). We will examine in Chap. 11 the restrictions placed on 
the cell by the fermentative mode of metabolism. A fermentative cell 
generally cannot afford to oxidize pyruvate further by reducing NAD, since 
its major problem is the oxidation of the NADH 2 already formed. However, in 
a cell that uses electron transport as a means of oxidizing NADH 2 , the further 
oxidation of pyruvate, with the concomitant reduction of NAD, is ad¬ 
vantageous since it releases additional energy. In such cells, pyruvate under¬ 
goes an oxidative decarboxylation catalyzed by pyruvate dehydrogenase [Eq. 
(9-15)], forming acetyl-CoA, which enters the second of the central catabolic 
pathways of respiratory catabolism, the TCA cycle. 
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THE TRICARBOXYLIC ACID (TCA) CYCLE 

The TCA cycle, as its name implies, is a cyclic series of reactions that 
accomplishes the complete oxidation of the two-carbon acetic acid residue 
that is fed into the cycle as acetyl-CoA. Carbohydrates, as we have seen in 
the preceding section, are degraded to carbon dioxide and acetyl-CoA. 
Organic acids, including the long-chain fatty acids of neutral fats and phos¬ 
pholipids, are also oxidized to acetyl-CoA. Amino acids that serve as energy 
and/or carbon source are degraded to acetyl-CoA or to other intermediates of 
the TCA cycle. Hydrocarbons also give rise to acetyl-CoA. Thus, the TCA 
cycle serves a central and vital function in recycling organic carbon to the 
atmosphere. In the oxidation of the two-carbon acetate residue to carbon 
dioxide, eight hydrogen atoms are removed and are passed through the 
electron transport system, generating ATP by coupled oxidative phosphoryl¬ 
ation. By far the greatest proportion of the release and capture of the energy 
of the glucose molecule that is degraded through the EMP pathway followed 
by the TCA cycle is thus dependent on the reactions of this terminal cycle. 
The close association between the TCA cycle and the electron transport 
system is evident from the fact that both are located in the mitochondrion in 
eucaryotic cells. The overall cycle is shown in Fig. 9-3. 

The two-carbon acetyl residue enters the cycle by condensing with 



396 THE CENTRAL PATHWAYS OF METABOLISM 




Fumaric acid 
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Figure 9-3 The tricarboxylic acid (TCA) cycle for terminal oxidation of the energy source to carbon 
dioxide in aerobic cells. Numbers on arrows correspond to the text equations for the individual 
reactions. 


oxalacetate to form citric acid, the tricarboxylic acid that gives the cycle its 

name [Eq. 

(9-16)]. 
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This reaction proceeds readily because of the high free energy of hydrolysis 
of the thiolester bond 


0=0—SCoA 
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which is comparable to that of the terminal phosphate of ATP. The enzyme is 
citrate synthase. 

The second step is an internal rearrangement of the molecule catalyzed by 
the enzyme aconitase [Eq. (9-17)], which prepares the molecule for the first 
oxidative step. (The name of the enzyme is derived from c/s-aconitic acid, 
formerly believed to be an intermediate in the reaction.) 
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A hydroxyl group must be moved from a 0- to an a-carbon to be in position 
for a reaction similar to one we have seen previously. In the aconitase 
reaction, citrate is converted by rearrangement to isocitrate. 

In the following step [Eq. (9-18)], the a-hydroxyl group is oxidized to a 
keto group with the reduction of a molecule of NADP, and the first carbon 
atom lost in the cycle is removed as carbon dioxide by -decarboxylation. 


/> 

H 2 C—C—OH 

✓° 

HC—C—OH 

HOC—C—OH 
H 

isocitric acid 


NADP NADPH, 


H 2 C—C—OH 

HiC 


' S co, I / 

0=C—C—OH 


a-ketoglutaric acid 


(9-18) 


The reaction is catalyzed by isocitrate dehydrogenase. 

The resulting a-keto acid, a-ketoglutarate, is a structural analogue of 
pyruvic acid, and it undergoes a reaction identical with that by which 
acetyl-CoA was formed from pyruvate [compare Eqs. (9-15) and (9-19)]. 
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The product of the oxidative decarboxylation in this case is succinyl- 
CoA, and the enzyme is a-ketoglutarate dehydrogenase, which uses NAD as 
electron acceptor. At this point in the cycle, two carbon atoms, equivalent to 
the entering acetyl residue, have been lost as carbon dioxide, and four 
hydrogen atoms have been removed. The remainder of the cycle operates to 
regenerate oxalacetate, which must be available for condensation with 
another molecule of acetyl-CoA. 

Succinyl-CoA, as in the case of acetyl-CoA, contains a high-energy 
(unstable) thiolester bond, which is capable of generating ATP. This is 
possible because CoA and phosphate form energetically equivalent bonds 
with a carboxyl carbon and are therefore interchangeable without a loss or 
input of energy. As we shall see later, this exchange mechanism is important 
in several reactions. In the case of succinyl-CoA, phosphate is exchanged for 
the CoA, forming succinylphosphate, which remains bound to the enzyme 
succinyl-CoA synthetase. The succinate is released and the phosphate is used 
to phosphorylate GDP to form GTP [Eq. (9-20)]. 
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A further exchange then takes place in which the terminal phosphate of 
GTP is used to form ATP. This is a substrate level phosphorylation, which, 
despite its rather complicated series of transfers, is very similar to that which 
occurred in the EMP pathway. In both cases an oxidation releases energy that 
is utilized to form a high-energy bond at the carboxyl carbon. In both cases 
inorganic phosphate participates in the formation of a mixed anhydride, and 
this phosphate is donated to a nucleoside diphosphate. 

Succinate is oxidized by a flavoprotein enzyme, succinate dehydrogenase, 
which contains FAD as a cofactor [Eq. (9-21)]. 
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The product fumarate contains a double bond and undergoes another 
typical reaction found in a variety of pathways. We stated earlier that oxygen 
in biological products rarely originates from molecular oxygen. The desatura¬ 
tion of a compound by removing hydrogen atoms from adjacent carbon atoms 
followed by the addition of water is a useful way of introducing an atom of 
oxygen. The reverse sequence, removal of the elements of water, hydrogen 
and hydroxide, from adjacent carbon atoms, is also used in certain pathways. 
The double bond thus formed can be used by fermentative bacteria as an 
acceptor for two hydrogen atoms in the reoxidation of NADH 2 . 

In the case of fumarate, the elements of water are added to the double 
bond by the enzyme fumarase to form malate [Eq. (9-22)]. 
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The substrate needed for the initial condensation reaction, oxalacetate, 
can then be formed by the removal of two hydrogen atoms by the enzyme 
malate dehydrogenase, using NAD as electron carrier [Eq. (9-23)]. 
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If we include the oxidative decarboxylation of pyruvate to form acetyl- 
CoA, we can summarize the reactions by which the total oxidation of 
pyruvate occurs as follows: Three molecules of carbon dioxide are released, 
four molecules of NAD and one of FAD are reduced, making a total of 10 
hydrogen atoms placed on electron carriers to be used in the generation of 
ATP through electron transport phosphorylation, and one ATP is formed by 
substrate level phosphorylation. The oxalacetate with which the cycle began 
has been regenerated and the cycle has returned to its starting point. 

The two pathways we have described—the EMP pathway and the TCA 
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cycle—are the major routes by which organic compounds of many classes are 
oxidized completely to carbon dioxide with the concomitant production of 
ATP. Energy is furnished by the substrate level phosphorylation of the EMP 
pathway in many fermentative microorganisms; it is produced by oxidative 
phosphorylation coupled to transport of the electrons removed in the EMP 
and especially in the TCA cycle in organisms that use respiratory metabolism. 
These pathways, therefore, are the major energy-yielding routes of catabolism 
for the majority of chemoorganotrophic microorganisms. 

Most of these organisms possess another pathway that has the potential 
for total oxidation of carbohydrates. This is the hexose monophosphate 
( HMP) pathway, also called the pentose phosphate pathway or the phospho- 
gluconate pathway. 


THE HEXOSE MONOPHOSPHATE (HMP) PATHWAY 

Although the HMP pathway can be used to oxidize glucose completely, it 
probably is seldom used for this purpose in most organisms. Two important 
functions that the pathway can perform are essential for the biosynthetic 
reactions of the cell. One is the provision of reduced NADP, which is 
specifically required as a cofactor in certain reductive reactions of biosyn¬ 
thesis, e.g., in the synthesis of lipids. The pathway is also a source of pentose 
phosphate for the synthesis of the nucleotides required for making RNA and 
DNA. The first few reactions of the pathway (see Fig. 9-4) convert hexoses to 
the ribose 5-phosphate used in nucleotide synthesis. If pentoses are available 
as carbon and energy source, they can be converted to hexoses and to other 
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Figure 9-4 The oxidative segment of the hexose mono¬ 
phosphate (HMP) pathway. Numbers refer to the text 
equations for individual reactions. 
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glycolytic intermediates through other reactions of the HMP pathway (see 
Fig. 9-5). 

The hexose monophosphate pathway is rather complex, involving several 
condensing and splitting reactions by which sugars with three to seven carbon 
atoms are interconverted. It is not necessary that the glucose entering the 
pathway proceed through the entire sequence of reactions, since there are 
alternative routes utilizing various combinations of the enzymes that can be 
used for the sole purpose of forming the required biosynthetic precursors and 
NADPH 2 . If NADPH 2 is required in greater amounts than are the sugars 
formed as intermediates, the pathway can operate in a cyclic pattern, 
regenerating glucose 6-phosphate. Since one molecule of carbon dioxide is 
formed from each molecule of glucose 6-phosphate that enters the cycle, the 



Figure 9-5 The nonoxidative segment of the hexose monophosphate (HMP) pathway. The 
connections between the HMP and EMP pathways and the reversibility of the reactions allow 
carbon to flow between the pathways or into the biosynthetic pathways indicated in brackets. 
Numbers are text equations. 
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equivalent of one molecule of glucose is completely oxidized to carbon 
dioxide for each six molecules of glucose that enter. The remaining six 
molecules of pentose can be used to regenerate five molecules of glucose 
6-phosphate. The overall equation for this cyclic mode of operation is: 

6 Glucose 6-phosphate + 12NADP + 7H 2 0-» 

5 glucose 6-phosphate + 6C0 2 + 12NADPH 2 + H 3 P0 4 (9-24) 

This is equivalent to the complete oxidation of one molecule of glucose to 
carbon dioxide, and 12 molecules of reduced NADP are made available for 
use in reductive biosynthetic reactions. It should be apparent that the glucose 
6-phosphate, or the fructose 6-phosphate from which it is formed (see Fig. 
9-5), could enter the EMP pathway when NADPH 2 is not needed. Thus, in 
cells that have both pathways, as is generally the case, the fraction of glucose 
that is metabolized through all or part of the reactions of the HMP pathway is 
determined by the momentary needs of the cell for reduced NADP, for ribose 
5-phosphate for the synthesis of nucleic acids, or for erythrose 4-phosphate, 
which is used in the synthesis of the aromatic amino acids, phenylalanine, 
tyrosine, and tryptophan. 

Glucose entering the HMP pathway is phosphorylated in one of the same 
reactions described previously as the initial reactions in the EMP pathway 
[Eqs. (9-1) to (9-5)]. The pool of glucose 6-phosphate thus formed can then 
proceed through either pathway, EMP or HMP, depending on the require¬ 
ments of the cell. 


The Oxidative Reactions 

The first reaction specific to the HMP pathway is the oxidation of glucose 
6-phosphate by glucose 6-phosphate dehydrogenase with the reduction of the 
cofactor NADP [Eq. (9-25)]. 
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The product 6-phosphogluconolactone is hydrolyzed by lactonase to 
produce 6 -phosphogluconic acid [Eq. (9-26)]. 
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The second oxidative step 

again produces 

NADPH 2 in an oxidative 

decarboxylation reaction catalyzed by 6-phosphogluconate dehydrogenase 
[Eq. (9-27)]. 
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The product is a ketopentose, ribulose 5-phosphate. 

At this point the oxidation and decarboxylation of the pathway have been 
completed; no additional carbon dioxide or NADPH 2 will be formed. The 
remaining reactions of the pathway are internal rearrangements, cleavages, 
and condensations, which convert the various phosphorylated sugars to other 
phosphorylated sugars, ranging in chain length from three to seven carbon 
atoms. All of these reactions are reversible so that interconversions can take 
place in either direction, depending on the sugar requirement of the cell. The 
reaction shown in Eq. (9-27) is not reversible, however, so hexose phosphate 
can be formed only by an additional series of reactions. 


The Interconversions of Sugars 

The ribulose 5-phosphate formed in the decarboxylation step can be acted 
upon by either of two enzymes, both of which catalyze internal rearrange¬ 
ments of the molecule [Eqs. (9-28) and (9-29)]. To produce the ribose 
5-phosphate required for nucleic acid synthesis, the keto sugar is isomerized 
to an aldo sugar by ribose 5-phosphate isomerase. 
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An alternative rearrangement of ribulose 5-phosphate is catalyzed by 
ribulose 5-phosphate 3-epimerase, which exchanges the positions of the 
hydrogen and hydroxyl substituents on carbon-3 to form another ketopen- 
tose, xylulose 5-phosphate. 
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Xylulose 5-phosphate, like ribulose 5-phosphate, can be involved in either 
of two reactions [Eqs. (9-30) and (9-31)]. Both are cleavage-condensations in 
which a two-carbon fragment from xylulose 5-phosphate is transferred to 
another sugar. Both reactions are catalyzed by the enzyme transketolase. The 
enzyme cleaves xylulose 5-phosphate to form glycolaldehyde, which is bound 
to the enzyme, and free glyceraldehyde 3-phosphate. The enzyme-bound 
glycolaldehyde moiety is then transferred either to ribose 5-phosphate to form 
a seven-carbon sugar [Eq. (9-30)] or to erythrose 4-phosphate to form a 
six-carbon sugar [Eq. (9-31)]. 
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The erythrose 4-phosphate used as the acceptor of a two-carbon gly- 
colaldehyde moiety in Eq. (9-31) is formed by a similar cleavage-condensation 
reaction catalyzed by transaldolase. In this reaction, sedoheptulose 7-phos- 
phate is cleaved between carbons 3 and 4 and the three-carbon dihy- 
droxyacetone moiety is transferred to glyceraldehyde 3-phosphate to form 
fructose 6-phosphate [Eq. (9-32)]. This reaction is an aldol condensation, 
which is essentially the reverse of the cleavage catalyzed by aldolase in the 
EMP pathway [Eq. (9-8)]. Since both reactions are reversible, both enzymes 
can catalyze either cleavage or condensation. However, the dihydroxyacetone 
moiety transferred by transaldolase, like the glycolaldehyde transferred by 
transketolase, remains bound to the enzyme until it is transferred to an 
acceptor molecule. 
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The two products of the transaldolase reaction are fructose 6-phosphate and 
erythrose 4-phosphate. 

The metabolic flexibility made possible by the rearranging enzymes, the 
isomerase and epimerase, and the cleaving-condensing enzymes, transketolase 
and transaldolase, should now be apparent. These reactions and their rela¬ 
tionships to other pathways are summarized in Fig. 9-5. Two of the products 
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formed by the interconversions of sugars catalyzed by these enzymes are 
glyceraldehyde 3-phosphate and fructose 6-phosphate, which are also inter¬ 
mediates in the EMP pathway. As mentioned before, ribose 5-phosphate is 
utilized in the synthesis of all the ribo- and deoxyribonucleotides required for 
the synthesis of RNA and DNA. It is also used in the synthesis of several 
important coenzymes (FMN, FAD, coenzyme A, NAD, and NADP) and in 
the synthesis of the amino acids histidine and tryptophan. Erythrose 4- 
phosphate is required for synthesis of the aromatic amino acids phenyl¬ 
alanine, tyrosine, and tryptophan. All the reactions involved in the intercon¬ 
versions of the sugars with three to seven carbon atoms are reversible. 
Therefore, the flow of intermediates in the pathway can be directed toward 
any one intermediate that is required at any moment. Obviously, if ribose 
5-phosphate is used rapidly for the synthesis of nucleic acids, the reaction 
from ribulose 5-phosphate to ribose 5-phosphate will be “pulled” by removal 
of the product. Furthermore, ribose 5-phosphate is required for any further 
reaction involving xylulose 5-phosphate, so that if ribose 5-phosphate is not 
available, xylulose 5-phosphate will accumulate, if it is formed, and will be 
converted to ribose 5-phosphate via ribulose 5-phosphate. If none of the 
intermediates of the pathway is required for synthesis, glucose 6-phosphate 
can be shunted through the HMP pathway to provide NADPH 2 , if needed. 
The glucose carbon can then be returned to recycle through the pathway by 
the resynthesis of glucose 6-phosphate in a cyclic operation of the pathway, 
or the glucose carbon can enter the EMP pathway as glyceraldehyde 3- 
phosphate or fructose 6-phosphate. Operated in the latter manner, the reac¬ 
tions of the pathway serve as a detour or shunt for glucose in its path to 
carbon dioxide via the EMP pathway and TCA cycle, and the HMP pathway 
is often called the HMP shunt. The sharing of common intermediates with the 
EMP pathway also allows carbon from the EMP pathway to enter the HMP 
pathway and to be used for the synthesis of ribose 5-phosphate and erythrose 
4-phosphate by reversal of the reactions shown in Fig. 9-5. It is thus possible 
to provide carbon for the synthetic requirements of the cell by using only the 
EMP pathway and the reactions shown in Fig. 9-5, i.e., with no loss of carbon 
dioxide or reduction of NADP. The cell is thus able to utilize whatever 
portions of this versatile pathway it requires and to move carbon between the 
EMP and the HMP pathways as needed. 


THE ENTNER-DOUDEROFF PATHWAY 

The Entner-Douderoff pathway is used by bacteria of the genus Pseudomonas 
and related genera and also by other organisms such as some enterics for the 
metabolism of certain compounds. It is included here because, although it is 
not a central catabolic pathway for a wide variety of microorganisms as are 
those described earlier, it is the central pathway for a very important group of 
bacteria. As we have noted, Pseudomonas species are more versatile than 
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most microorganisms in their ability to metabolize large numbers of different 
compounds. In addition, the Entner-Douderoff pathway is closely related to 
the EMP and HMP pathways and shares common reactions and substrates 
with both pathways, so that we need consider only the reactions unique to the 
E-D pathway. These are summarized in Fig. 9-6 along with the reactions 
connecting this pathway with others. 

In the Entner-Douderoff pathway, glucose is converted to 6-phospho- 
gluconate as it is in the HMP pathway. However, alternative routes of 
formation of 6-phosphogluconic acid exist in organisms that utilize the E-D 
pathway. Some species possess the ability to use all three routes, whereas 
others utilize only one or two of the possible routes. In any case, it is possible 
for an organism to utilize the Entner-Douderoff pathway by adding only two 
enzymes to the complement required for the HMP pathway, the lower EMP, 
and the TCA cycle. 

The two enzymes that are unique to the E-D pathway are those that 
catalyze the dehydration and cleavage of 6-phosphogluconate [Eqs. (9-33) and 
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Figure 9-6 The Entner-Douderoff (E-D) pathway and its relation to the EMP and HMP pathways. 
The three alternate routes for conversion of glucose to 6-phosphogluconate are not present in all 
organisms that use this pathway. 
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(9-34)]. In the first of these reactions, catalyzed by phosphogluconate dehy¬ 
dratase, a molecule of water is removed in a unique manner; in the reaction 
product, two hydrogen atoms have been removed from one carbon and the 
oxygen from another (the usual dehydration reaction involves removal of 
hydrogen from one carbon and hydroxyl from another). 
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The product, 2-keto-3-deoxy-6-phosphogluconate, is acted upon by an 
aldolase in a reaction identical with the aldolase reaction in the EMP pathway 
[compare Eqs. (9-34) and (9-8)]. 
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The products formed by 2-keto-3-deoxy-6-phosphogluconate aldolase are 
glyceraldehyde 3-phosphate and pyruvate. The former is an intermediate in 
both the EMP and HMP pathways. Pyruvate is formed in the EMP pathway 
and is oxidatively decarboxylated to acetyl-CoA, which enters the TCA cycle. 
The Entner-Douderoff pathway thus shares intermediates with both path¬ 
ways, and by utilizing the reactions of the other two pathways, it can channel 
carbon into biosynthetic reactions or into carbon dioxide. The reactions 
shown in Fig. 9-6 provide for the complete oxidation of glucose to carbon 
dioxide and water. 
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THE CALVIN CYCLE—AUTOTROPHIC CARBON DIOXIDE 
FIXATION 

The pathway by which organic matter is synthesized from carbon dioxide is 
the same in almost all autotrophic organisms: higher plants, photoautotrophic 
eucaryotic, and procaryotic microorganisms, and chemoautotrophic bacteria. 
(In a few higher plants, a different pathway has been discovered recently.) 
The common pathway is a cyclic one, as first proposed by Melvin Calvin, 
after whom the pathway is named. It is also called the reductive pentose cycle 
because of its close relationship to the HMP pathway. The Calvin cycle is, in 
fact, essentially a reversal of parts of the HMP pathway and the EMP 
pathway and uses many of the same enzymes. We discussed the possibility of 
utilizing the HMP pathway in a cyclic manner for the complete oxidation of 
glucose to carbon dioxide. By using many of the same reactions, with the 
addition of some reactions unique to the Calvin cycle, carbon dioxide can be 


Table 9-1 Reactions involved in the net synthesis of one molecule of glucose 
from six molecules of carbon dioxide via the Calvin cycle in autotrophic 
organisms 


6CO; + 6 ribulose 1,5-diphosphate + 6H 2 0-> 12 3-phosphoglycerate (9-37) 

12 3-Phosphoglycerate + 12ATP -> 12 1,3-diphosphoglycerate + 12ADP (9-11) 

12 l,3-Diphosphoglycerate+ 12NADPH 2 -» 

12 glyceraldehyde 3-phosphate + 12H 3 P0 4 + 12NADP (9-10) 

5 Glyceraldehyde 3-phosphate -* 5 dihydroxyacetone phosphate (9-9) 

3 Glyceraldehyde 3-phosphate + 3 dihydroxyacetone phosphate -> 

3 fructose 1,6-diphosphate (9-8) 

3 Fructose 1,6-diphosphate+ 3H 2 0-> 3 fructose 6-phosphate + 3H 3 P0 4 (9-38) 

Fructose 6-phosphate -» glucose 6-phosphate (9-6) 

Glucose 6-phosphate + H 2 0 -» glucose + H 3 P0 4 (9-39) 

2 Fructose 6-phosphate + 2 glyceraldehyde 3-phosphate -> 

2 xylulose 5-phosphate + 2 erythrose 4-phosphate (9-31) 

2 Erythrose 4-phosphate + 2 dihydroxyacetone phosphate -» 

2 sedoheptulose 1,7-diphosphate (9-41) 

2 Sedoheptulose 1,7-diphosphate + 2H 2 0 -» 2 sedoheptulose 7-phosphate + 2H 3 P0 4 (9-40) 

2 Sedoheptulose 7-phosphate + 2 glyceraldehyde 3-phosphate-> 

2 ribose 5-phosphate + 2 xylulose 5-phosphate (9-30) 

2 Ribose 5-phosphate -* 2 ribulose 5-phosphate (9-28) 

4 Xylulose 5-phosphate -»4 ribulose 5-phosphate (9-29) 

6 Ribulose 5-phosphate+ 6ATP-» 6 ribulose 1,5-diphosphate+ 6ADP (9-36) 


SUM: 600:+ 18ATP+ 12NADPH 2 + 12H 2 0-»glucose + 18H 3 P0 4 + 18ADP + 12NADP (9-35) 
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fixed to yield glucose. Six turns of the HMP cycle were necessary to achieve 
the complete oxidation of one molecule of glucose to six molecules of carbon 
dioxide. Similarly, six turns of the Calvin cycle are necessary to achieve the 
net synthesis of one molecule of glucose from six molecules of carbon 
dioxide. 

The overall equation for autotrophic carbon dioxide fixation via the 
Calvin cycle is 


6C0 2 + 18 ATP + 12NADPH 2 + 12H 2 0-» 

glucose + I 8 H 3 PO 4 + 18ADP + 12NADP (9-35) 


This equation is the sum of 15 reactions, most of which are rearrangements 
and interconversions of sugars of various chain lengths, many catalyzed by 
the same enzymes used for similar reactions in the HMP and EMP pathways. 
The 15 reactions are shown in Table 9-1. The reactions in the table are 
identified by the equation numbers used in the text. 

The two key reactions of the Calvin cycle are the reaction in which 
carbon dioxide is incorporated [Eq. (9-37)] and the reaction that forms the 
molecule to which carbon dioxide is added [Eq. (9-36)]. 

The substrate to which carbon dioxide is added is ribulose 1,5-diphos¬ 
phate. This is formed from ribulose 5-phosphate, which we saw as an 
intermediate in the HMP pathway. ATP is required for the phosphorylation, 
which is catalyzed by the enzyme phosphoribulokinase in a reaction very 
similar to the phosphorylation of fructose 6 -phosphate in the EMP pathway 
[Eq. (9-7)]. 
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The enzyme that fixes carbon dioxide is ribulose-diphosphate carboxyl¬ 
ase. The addition of carbon dioxide is followed by the cleavage of the 
molecule to yield two molecules of 3-phosphoglyceric acid, which is also 
familiar as an intermediate in the EMP pathway. 
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The 3-phosphoglycerate is then converted to hexose by the reversal of the 
upper portion of the EMP pathway, and the ribulose 5-phosphate needed for 
the formation of ribulose 1,5-diphosphate is regenerated by a series of 
reactions also found in the HMP pathway. 

Five of the reactions shown in Table 9-1 deserve comment. Although they 
accomplish the reversal of EMP or HMP reactions, they are not exact 
duplicates of those reactions. One [Eq. (9-10)] differs only in the electron 
carrier used. In the oxidation of glyceraldehyde 3-phosphate in the EMP 
pathway, the usual electron carrier is NAD, whereas NADPH 2 is the electron 
carrier in the reductive reaction of the Calvin cycle. This difference is 
consistent with the general rule that NAD usually serves as the electron 
carrier for catabolic reactions and NADP for anabolic reactions. 

In three reactions, phosphate groups are removed by hydrolysis. In the 
corresponding reaction in which phosphate is added, ATP is required as the 
phosphate donor. Reversal of such a reaction is not possible because the 
phosphate bond energy is not conserved in the phosphorylation by ATP; that 
is, the phosphate groups removed from fructose 1,6-diphosphate [Eq. (9-38)], 
glucose 6-phosphate [Eq. (9-39)], and sedoheptulose 1,7-diphosphate [Eq. 
(9-40)] are linked to the sugars by stable ester bonds, not by high-energy 
bonds capable of donating phosphate to ADP. Enzymes that remove phos¬ 
phate groups by hydrolysis are called phosphatases. 

The reaction shown in Eq. (9-41) is catalyzed by an enzyme of the EMP 
pathway, fructose diphosphate aldolase [see Eq. (9-8)]. Erythrose 4-phosphate 
replaces the EMP substrate, glyceraldehyde 3-phosphate, but the reactions in 
Eqs. (9-8) and (9-41) are otherwise identical. 


RELATION OF CENTRAL PATHWAYS TO BIOSYNTHESIS 

We have examined the most important pathways by which carbon is cycled 
from the atmosphere to organic compounds and back again to the atmos¬ 
phere. Perhaps the most striking aspect of these pathways is the economy of 
enzyme synthesis and the versatility afforded by the ability of the living cell 
to utilize the same enzymes in several pathways and for more than one 
purpose, and to shift common intermediates from one route to another as 
dictated by the needs of the moment. Intermediates may flow from one 
catabolic pathway to another, and they may be withdrawn from catabolic 
pathways to serve as building blocks for the biosynthesis of cell material. 

Table 9-2 summarizes the major points at which intermediates of the 
central pathways may be channeled into biosynthesis. 

We have discussed the ways in which carbon flow through the HMP and 
EMP pathways may be varied to provide NADPH 2 , ribose 5-phosphate, and 
erythrose 4-phosphate as needed for biosynthetic reactions. The intercon¬ 
nections between these pathways and between them and the Entner-Dou- 
deroff pathway, and the reversibility of the reactions that catalyze the 
interconversions of sugars in the HMP pathway allow intermediates to be 
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Table 9-2 Flow of intermediates of the central pathways 
into biosynthesis of cellular constituents 


Intermediate 

Products 


From EMP 

Hexose phosphates 

Polysaccharides 

Dihydroxyacetone phosphate Lipids 

Phosphoglyceric acid 

Serine, glycine, cysteine, 
purines, chlorophyll, heme 

Phosphoenolpyruvate 

Tryptophan, tyrosine, 
phenylalanine, lysine, 
isoleucine, muramic acid 

Pyruvate 

Alanine, valine, leucine 

From TCA 

Acetyl-CoA 

Fatty acids, lysine, leucine, 
carotenes, sterols 

a-Ketoglutarate 

Glutamic acid, glutamine, 
proline, arginine 

Succinyl-CoA 

Methionine, chlorophyll, heme 

Oxalacetic acid 

Aspartic acid, asparagine, 
methionine, threonine, 
lysine, isoleucine, 
pyrimidines 

From HMP 

Ribose phosphate 

Nucleotides, histidine, 
tryptophan 

Erythrose 4-phosphate 

Tryptophan, tyrosine, 
phenylalanine 


withdrawn as needed. The withdrawal of intermediates from these pathways 
does not affect the continued functioning of the pathways. The TCA cycle, 
however, presents a special problem because of its cyclic nature. When this 
pathway is used only for the terminal oxidation of substrates that are 
degraded to acetyl-CoA, it operates in the cyclic manner shown in Fig. 9-3. 
Oxalacetate is regenerated from succinate by reactions (9-21) to (9-23) and 
becomes available for condensation with acetyl-CoA to initiate another turn 
of the cycle. However, there are several situations in which the TCA cycle 
must be modified to accommodate the biosynthetic demands of the cell. As 
shown in Table 9-2, a number of cellular components that are required in 
rather large amounts are synthesized from intermediates of the TCA cycle. 
The withdrawal of these intermediates from the cycle interrupts the cyclic 
flow and would prevent the terminal oxidation of the energy source if there 
were no alternate reactions by which oxalacetate could be fed into the cycle 
to maintain its operation. Thus, chemoheterotrophs that must utilize TCA 
cycle intermediates for biosynthetic reactions must be able to synthesize C 4 
intermediates to replace those siphoned off. Reactions that replace the 
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catabolic intermediates withdrawn for use in biosynthetic pathways are called 
anaphlerotic reactions. 

A different situation occurs in autotrophs. When synthesizing organic 
matter from carbon dioxide and obtaining energy from light or from an 
inorganic energy source, it would not be profitable for autotrophs to utilize 
the catabolic pathways in the same way that the pathways are used by 
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Fig. 9-7 Reactions by which 
heterotrophic microorganisms 
may fix carbon dioxide to replace 
TCA cycle intermediates removed 
for biosynthetic reactions. 
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chemoheterotrophs; yet autotrophs must synthesize all their cell material and 
must use, in general, the same pathways used by heterotrophs. Under these 
circumstances, only a portion of a pathway may be utilized, i.e., the portion 
leading to a required precursor. Many autotrophs lack a-ketoglutarate dehy¬ 
drogenase and therefore must form oxalacetate by reactions other than those 
of the complete TCA cycle. In these organisms, the reactions leading from 
citric acid to a-ketoglutarate are used in the forward direction, whereas 
succinate is formed by a reversal of the reactions that usually lead from 
succinate to oxalacetate. Both halves of the cycle thus operate independently, 
and both require an input of oxalacetate. In both chemoheterotrophs and 
autotrophs, oxalacetate can be synthesized by one or more of the reactions 
shown in Fig. 9-7. All five reactions have been shown to occur in micro¬ 
organisms and all involve the addition of carbon dioxide to either pyruvate or 
phosphoenolpyruvate. Oxalacetate is formed in four of the reactions, while 
the fifth forms another C 4 intermediate of the TCA cycle, malate. This can be 
converted to oxalacetate, as in the TCA cycle, by dehydrogenation [Eq. 
(9-23)] or to succinate by reversal of the TCA cycle reactions (9-22) and 
(9-21). 

A different problem involving the TCA cycle occurs in organisms that 
metabolize acetate, citrate, or substrates such as aliphatic hydrocarbons or 
fatty acids that are degraded to acetyl-CoA. If no other carbon source is 



Figure 9-8 The glyoxylate bypass for the synthesis of C 4 compounds in microorganisms that use 
compounds that are metabolized to acetyl-CoA (acetate, fatty acids, hydrocarbons) as the sole 
carbon source. The bypass reactions are Eqs. (9-42) and (9-43). The bypass is shown in relation to the 
TCA cycle (see Fig. 9-3 for details). 
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available, sugars must be synthesized by reversal of the EMP pathway. 
However, as was pointed out previously, the oxidative decarboxylation of 
pyruvate to form acetyl-CoA [Eq. (9-15)] is irreversible. Thus, pyruvate 
cannot be made from acetate or acetyl-CoA, and the carbon source cannot be 
used in the synthesis of sugars or of other cellular constituents derived from 
intermediates of the EMP and HMP pathways. Nor can intermediates be 
withdrawn from the TCA cycle for use in biosynthesis, because no pyruvate 
or PEP is available for carboxylation to form a C 4 replacement. Even if 
pyruvate could be synthesized from acetyl-CoA or a TCA intermediate, it 
could not be converted to PEP because the conversion of PEP to pyruvate is 
essentially irreversible. These problems are solved in organisms that can use 
acetate or fatty acids as sole sources of carbon and energy by two reactions 
that bypass the oxidative steps of the TCA cycle and form oxalacetate by 
condensation of two C 2 compounds, acetyl-CoA and glyoxylic acid. These 
two reactions, which occur only in microorganisms that metabolize two- 
carbon compounds or their precursors, constitute the glyoxylate bypass. The 
bypass and its relationship to the TCA cycle are shown in Fig. 9-8. The first of 
the bypass reactions is cleavage of isocitric acid to glyoxylic acid and succinic 
acid by the enzyme isocitrate lyase [Eq. (9-42)]. 
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Both succinate and glyoxylate can be converted to oxalacetate—succinate 
by the usual reactions of the TCA cycle and glyoxylate by condensation with 
acetyl-CoA catalyzed by malate synthase [Eq. (9-43)]. 
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These reactions replace the TCA cycle intermediates that were withdrawn 
for use in biosynthesis. However, there still remains the problem of feeding 
part of the substrate carbon into the EMP and HMP pathways for the 
synthesis of other cellular constituents. This is accomplished by reversal of 
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one of the reactions that convert PEP to oxalacetate (see Fig. 9-7), the PEP 
carboxykinase reaction. 

The reactions of the glyoxylate bypass have been found in a variety of 
bacteria and fungi and also in higher plants, but they are not present in 
animals. Together with other reactions previously described, they make 
possible the synthesis of cellular material from acetyl-CoA, which allows 
microorganisms to grow at the expense of fatty acids as sole source of carbon 
and energy. The simultaneous operation of the glyoxylate bypass and the 
TCA cycle allows acetyl-CoA to be proportioned between the glyoxylate 
bypass, which provides for the use of acetyl-CoA as carbon source, and the 
TCA cycle, which provides for its oxidation to carbon dioxide and the 
generation of ATP for the energy needs of the cell. 

In the two following chapters we shall examine the pathways and reac¬ 
tions that feed into and out of the central pathways. We shall also look more 
closely at the metabolic aspects of the biological degradation of organic 
wastes. 


PROBLEMS 

9-1 Discuss the importance of glycolysis in the metabolism of chemoorganotrophic organisms. 
9-2 Write the equation for the oxidative reaction of glycolysis. How is the energy released by 
oxidation used? 

9-3 Write the equations for the two reactions in which ATP is formed. Which mechanism of ATP 
formation is involved here? 

9-4 The HMP pathway can be used for the complete oxidation of glucose. The EMP pathway 
followed by the TCA cycle can be used for the same purpose. Given an electron transport system 
with a P/O ratio of 2, calculate the net ATP formation for the two routes of oxidation. Assume 
that all reduced pyridine nucleotide (i.e., NADH 2 and NADPH 2 ) can transfer hydrogen ions and 
electrons directly to the electron transport system. 

9-5 Write a pathway by which ribose could be metabolized to carbon dioxide and water using the 
HMP, EMP, and TCA pathways. How many molecules of ATP (net) would be formed if the 
organism is an aerobe utilizing oxygen as electron acceptor wjth a P/O ratio of 3? 

9-6 Explain why a two-carbon compound such as acetate cannot be used as the sole source of 
carbon and energy by an organism that has no glyoxylate cycle. 

9-7 Why are reactions by which carbon dioxide can be fixed required in heterotrophic micro¬ 
organisms? 

9-8 Possibly the most important reaction in metabolism is the reaction by which carbon dioxide is 
converted into a form in which the carbon is available for use by humans, animals, and 
microorganisms. Write the equation for this reaction. 

9-9 In a chemolithotroph that uses carbon dioxide as its sole source of carbon, a complete TCA 
cycle may not be present, but the organism may be able to make most of the enzymes of the 
cycle. Explain how this would be advantageous to the organism. 

9-10 What is the unique reaction of the Entner-Douderoff pathway? Write the equation for the 
reaction. What group of organisms utilizes this pathway? 
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CHAPTER 

TEN 


AEROBIC METABOLISM 


In Chap. 9 we described the central pathways through which carbon flows in 
the living cell. These pathways provide metabolically usable energy, ATP, 
and building blocks for biosynthesis. We considered briefly the flow of carbon 
from the central pathways to the synthesis of cellular constituents, and it is 
important now to consider the reactions through which carbon flows into the 
central pathways. We began the central pathways with glucose, which is a 
commonly occurring and readily used substrate. However, many other forms 
of organic matter are degraded by microorganisms. For some of these special 
pathways must be used, but most forms of organic matter can be converted to 
compounds that are intermediates in one of the central pathways. In this 
chapter, we shall consider the routes of entry of the major classes of organic 
matter into the central pathways in aerobic microorganisms and some ap¬ 
plications of aerobic metabolism in the biological treatment of wastes. 


METABOLISM OF CARBOHYDRATES 

The most abundant naturally occurring carbohydrates are polysaccharides. 
These are linear or branched polymers, often of very high molecular weight, 
and may contain a single type of monomer ( homopolysaccharides ) or two or 
more different monomers ( heteropolysaccharides ). The most common 
monomers in polysaccharides are hexoses and pentoses and their deriva¬ 
tives—uronic acids, amino sugars, and deoxy-sugars. Two major types of 
polysaccharides are synthesized by living organisms: storage polysaccharides, 
such as glycogen and starch, and structural polysaccharides, such as cel- 
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lulose, the mucopeptide layer of bacterial cell walls, and chitin, which forms 
the exoskeletons of insects. The capsular polysaccharides synthesized by 
many microorganisms do not fit in either of these categories. Two disac¬ 
charides are relatively abundant in nature: sucrose in fruits and vegetables, 
and lactose in milk. 

In Chap. 9 we described the phosphorylase reaction by which cells utilize 
their own internal storage polysaccharides by converting them directly to 
glucose 1-phosphate, using inorganic phosphate and conserving ATP. Micro¬ 
organisms that use an external source of polysaccharide cannot degrade the 
polymer by phosphorolysis. Polysaccharides are too large to be taken into the 
cell and must be degraded extracellularly. The products of degradation are 
then transported into the cell and used. While some transport systems for 
phosphorylated compounds exist, most sugars cannot enter the cell if phos- 
phorylated. Therefore, the metabolism of polysaccharides is initiated by the 
hydrolytic degradation of the polymer catalyzed by enzymes excreted by the 
cell, i.e., extracellular enzymes. These may be released into the environment 
or may, in some cases, remain bound to the cell surface. In the latter case, the 
cell must make contact with the polysaccharide. Since many polysaccharides 
are insoluble, this is facilitated by growth of the microorganism on the surface 
of polysaccharide materials, e.g., on cellulose fibers. 

Enzymes that hydrolyze polysaccharides are specific for the type of bond 
to be broken and the monomers involved. We can illustrate this with several 
examples. Cellulose is a polymer of glucose units with /3,1 —»4 linkages and 
requires cellulase, a /3,1 ->4 glucanase, for hydrolysis. Starch and glycogen are 
also polymers of glucose but have a, l-»4 linkages. Both glycogen and one 
form of starch, amylopectin, are branched, with a,l-»6 linkages at the branch 
points (see Fig. 3-23). While the linear starch molecule, amylose, and the 
linear portions of amylopectin and glycogen can be degraded by amylase, 
complete degradation of the branched molecules requires a “debranching 
enzyme,” an a,l ->6-glucosidase. Lysozyme is specific for the /3,1 ->4 linkage 
that joins carbon-1 of N-acetylmuramic acid to carbon-4 of N -acetyl- 
glucosamine in the mucopeptide layer of bacterial cell walls. Thus, the ability 
of any microorganism to utilize a polysaccharide depends on (1) its ability to 
produce the specific enzyme or enzymes required for hydrolysis of the 
polymer, (2) its ability to transport the products of hydrolysis into the cell, 
and (3) its ability to convert them to intermediates that can enter the central 
pathways. Hydrolysis may convert the polysaccharide to monosaccharides, 
disaccharides, or oligosaccharides. These are small enough to enter the cell 
and may be taken up and then hydrolyzed or phosphorylyzed by specific 
intracellular enzymes, as are the naturally occurring disaccharides sucrose 
and lactose. Starch is degraded to a mixture of glucose and the disaccharide 
maltose, whereas cellulose is degraded to primarily the disaccharide cello- 
biose. 

Many microorganisms are capable of degrading the commonly occurring 
storage polysaccharides, glycogen and starch. Many other polysaccharides are 
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probably not widely used, but it is unlikely that any are immune to microbial 
attack. Cellulose is generally considered to be one of the most difficult 
polysaccharides for microorganisms to metabolize. Its very high molecular 
weight, its organization in crystalline structures (micelles) in the cell walls of 
plants, and its insolubility probably contribute to the difficulty of the attack, 
but many bacteria fail to utilize cellulose because they are not able to form 
the necessary enzymes. Some myxobacteria, the cytophagas, and some spe¬ 
cies of Clostridium, as well as some actinomycetes, are the most active 
cellulose-degrading bacteria. Most decomposition of cellulose is probably due 
to the action of fungi, however. Chaetomium globosum, Myrothecium ver- 
rucaria, and Stachybotrys atra have been reported to be important species in 
the degradation of cellulose, although more common fungi belonging to the 
genera Aspergillus, Penicillium, Cladosporium, Fusarium, Altemaria, and 
Trichoderma are also active. Trichoderma viride (recently renamed T. reesei ) 
has been used as the source of cellulase in a process designed to convert 
wastepaper and other waste materials with high cellulose content to glucose 
(Gaden et al., 1976). 

Since the hydrolysis of polysaccharides occurs extracellularly, the 
products of hydrolysis may be available to organisms other than the ones that 
produce the hydrolytic enzyme. Complete degradation of a heteropolysac¬ 
charide may require the action of more than one microorganism, since several 
different enzymes may be required to break the different bonds and no one 
organism may be able to elaborate all of the enzymes required. An example of 
the “cooperative” degradation of a bacterial polysaccharide has been obser¬ 
ved in studies in our laboratory (A. W. Obayashi and A. F. Gaudy, Jr., 
unpublished results). Other investigators had proposed that the capsular 
polysaccharides of bacteria would accumulate as inert nonbiodegradable 
material in extended aeration activated sludge. We isolated and purified 
capsular polysaccharides from five bacteria, all heteropolysaccharides of 
different composition. All were usable by mixed microbial populations as sole 
sources of carbon and energy. These and other studies of the extended 
aeration process will be discussed later in this chapter. From one hetero¬ 
geneous population growing on the capsular polysaccharide of Zoogloea 
ramigera (see Fig. 10-34), five different bacteria were isolated. None of the 
five was able to grow in pure culture with the polysaccharide as the source of 
carbon and energy, but a mixture of the five organisms grew well and utilized 
the polysaccharide. 

When a polysaccharide has been degraded to its monomers or to small 
oligosaccharides or disaccharides, the ability of a microorganism to utilize the 
products depends on its ability to form the transport proteins and the specific 
metabolic enzymes required. Starch, glycogen, and cellulose, as polymers of 
glucose, are readily metabolized after hydrolysis. Other hexoses and their 
derivatives are converted, usually by inducible enzymes (see Chap. 12), to 
either glucose 6-phosphate or fructose 6-phosphate, most frequently to the 
latter. Pentoses are generally converted, also by inducible pathways, to ribose 
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5-phosphate, ribulose 5-phosphate, or xylulose 5-phosphate, intermediates in 
the HMP pathway. Xylose and arabinose are the most commonly occurring 
pentoses, since they are found in hemicelluloses and other polysaccharides 
produced by plants. Arabinose is readily converted to ribulose 5-phosphate, 
while xylose is converted to xylulose 5-phosphate. The hexuronic acids, e.g., 
glucuronic, galacturonic, and mannuronic acids, occur as components of 
microbial capsules and of the acid mucopolysaccharides of animals. They are 
generally metabolized through the Entner-Douderoff pathway after con¬ 
version to 2-keto-3-deoxy-6-phosphogluconate. 


METABOLISM OF PROTEINS 

Proteins, like polysaccharides, are too large to enter the microbial cell and 
must be degraded to smaller molecules outside the cell. Many species of 
microorganisms excrete proteolytic enzymes, proteinases, of various types. In 
general, bacterial proteinases appear to be less specific in their action than are 
the mammalian enzymes; they do not cleave bonds at only certain sites. The 
hydrolysis of peptide bonds by many bacterial proteinases apparently occurs 
at random, and the protein is degraded to individual amino acids and short 
peptide chains. Proteinases do not hydrolyze small peptides; these are 
degraded by another group of enzymes, the peptidases. 

Both small peptides and free amino acids are taken into the cell by 
specific transport systems. It is interesting that an amino acid may sometimes 
enter the cell more readily as part of a dipeptide than alone. Most micro¬ 
organisms probably are able to take up all of the amino acids and many 
peptides; possible exceptions are some autotrophs that may take up some 
amino acids but not others. Studies with Escherichia coli indicate that the 
ability to transport peptides into the cell depends on the actual size of the 
molecule; the smaller the individual amino acid in the peptide, the longer is 
the peptide that can be transported. On average, the maximum number of 
amino acids in peptides that can be transported into the cell is five to six. 
Most peptidases are probably located inside the cell. Thus, when extracellular 
proteinases attack a protein molecule, it is hydrolyzed progressively to 
produce both amino acids and peptides. When the size of the peptides 
decreases to the point at which no further hydrolysis by proteinases is 
possible, the peptides are transported into the cell if they are small enough. 
Peptides that are not small enough to be transported may not be available for 
use by all microorganisms, since most microorganisms probably do not 
produce extracellular peptidases. Once inside the cell, intracellular peptidases 
hydrolyze the peptides to amino acids. 

If other energy sources are available, most microorganisms use amino 
acids for only protein synthesis, i.e., as carbon source only. Some anaerobic 
bacteria prefer amino acids as energy source (see Chap, fl) but in general the 
“protein-sparing” effect of sugars, noted in early studies of human nutrition, 



422 AEROBIC METABOLISM 

applies equally well to microorganisms. This is demonstrated daily in the 
routine biochemical tests used for the identification of bacteria. Fermentation 
broth contains a mixture of amino acids and peptides. A fermentable com¬ 
pound, usually a carbohydrate, is added to determine the ability of the 
organism to ferment it, as evidenced by the production of acid and/or gas. 
Bacteria capable of using either the carbohydrate or amino acids as energy 
source almost invariably utilize the carbohydrate first. 

While all chemoheterotrophic microorganisms undoubtedly can use exo¬ 
genous amino acids for synthesizing proteins, the ability to use amino acids 
as energy source or to degrade them for the synthesis of other cellular 
constituents is less widespread. Some bacteria, e.g., Pseudomonas species, 
are able to utilize many single amino acids as the sole source of carbon, 
nitrogen, and energy, but many other organisms are not able to do so. This 
may be of little consequence in most natural environments. Proteins that are 
available to microorganisms in soil, water, or a waste stream would normally 
be present as components or products of decaying plant, animal, or microbial 
cells, and other more readily used energy sources usually would be available 
from the same sources. 
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Figure 10-1 Common reactions that remove ammonia from an organic compound. 
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The pathways of amino acid oxidation in those organisms that can use 
them as energy source have not been thoroughly studied. In some micro¬ 
organisms, pathways have been assumed to be the same as those in the 
human liver because some of the same enzymes have been found. The first 
step in the degradation of amino acids is generally removal of the amino 
group. This may occur either by transamination, transfer of the amino group 
to an a-keto acid to form another amino acid, or by deamination, release of 
the amino group as ammonia (see Fig. 10-1). Bacteria that use amino acids as 
carbon and energy source commonly release considerable amounts of am¬ 
monia. The further catabolism of most amino acids probably proceeds, as in 
mammals, to intermediates of the TCA cycle. Table 10-1 lists the TCA cycle 
intermediates formed from amino acids in mammals. The degradative path¬ 
ways leading to these products are rather complex for some amino acids; they 
can also provide building blocks for the synthesis of other cellular com¬ 
ponents. 


Table 10-1 TCA cycle intermediates for¬ 
med as products of degradation of amino 
acids 


Amino acid 

TCA cycle intermediate 

Alanine 

Cysteine 

Glycine 

Isoleucine 

Leucine 

Lysine 

Phenylalanine 

Serine 

Threonine 

Tryptophan 

Tyrosine 

Acetyl-CoA 

Aspartic acid 
Asparagine 

Oxalacetate 

Phenylalanine 

Tyrosine 

Fumarate 

Isoleucine 

Methionine 

Valine 

Succinyl-CoA 

Arginine 

Glutamic acid 
Histidine 

Proline 

a-Ketoglutarate 
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METABOLISM OF LIPIDS 

Lipids, like carbohydrates, have two major roles in the cell; they function as 
energy storage and as structural components of the cell, the latter primarily in 
membranes. The most abundant naturally occurring class of lipids is the 
triglycerides, commonly called neutral fats. These are esters of glycerol and 
fatty acids. The fatty acids may be saturated or unsaturated and may have an 
odd or even number of carbon atoms. Most abundant are the even-numbered 
chains of 12 to 22 carbons. The triglycerides are the major storage lipids of 
plants and animals. The second major class of naturally occurring lipids is the 
phospholipids (phosphoglycerides), which are major components of all 
membranes. These are also esters of glycerol, but mixed esters. Two of the 
hydroxyl groups of glycerol are esterified to fatty acids, whereas the third is 
esterified to phosphate. The phosphate is esterified to a small molecule that 
contains nitrogen, such as ethanolamine, choline, or serine. Many other types 
of lipids are components or products of plant, animal, and microbial cells. 
Some of these have special functions, and some are limited to specific types 
of cells. While all of these molecules are almost certainly subject to degrada¬ 
tion by some microbial species, we shall center our attention on the most 
abundant classes of lipids. 

Because of their largely hydrocarbon nature, the triglycerides, as well as 
other lipids, are excellent energy sources, with the potential of producing a far 
greater yield of ATP than do carbohydrates or proteins. The initial attack on 
both triglycerides and phosphoglycerides by microorganisms is extracellular 
and involves hydrolysis of the ester bonds. Lipases remove the fatty acids 
from the glycerol molecule of the triglycerides. The enzymes that hydrolyze 
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the phosphoglycerides are called phospholipases and are of two types—those 
that hydrolyze the fatty acid ester bonds and those that hydrolyze the 
phosphoglycerol ester bond. The products of these hydrolytic enzymes are 
then transported into the cell. 

Glycerol is metabolized by conversion to dihydroxyacetone phosphate, 
which is an intermediate in the EMP pathway. The reactions involved are 
shown in Fig. 10-2. As we shall see in Chap. 11, glycerol is formed as an end 
product in some fermentative bacteria by a reversal of the same reaction 
sequence, using a phosphatase to remove the phosphate group. The route 
from dihydroxyacetone phosphate to a-glycerol phosphate is also used in the 
synthesis of phospholipids. 

The major pathway for the oxidation of fatty acids involves repetition of 
a sequence of reactions that results in the removal of two carbon atoms as 
acetyl-CoA with each repetition of the sequence. This process is called 
beta-oxidation because the beta-carbon (second from the carboxyl carbon) is 
oxidized. The overall reaction sequence is shown in Fig. 10-3. In Chap. 9 we 
pointed out the usefulness of a series of reactions involving the creation of a 
double bond to which water or two hydrogen atoms can be added. This 
mechanism was used in the TCA cycle as a means of introducing the oxygen 
required to convert succinate to oxalacetate. Beta-oxidation is another 
example of the use of this mechanism, and we shall see others in Chap. 11. 

The first step in the beta-oxidation of a fatty acid is its activation by one 
of several acyl-CoA synthetases [Eq. (10-1)]. These enzymes, each capable of 
activating fatty acids of carbon chain lengths within a specific range, form a 
thiolester between coenzyme A and the carboxyl group of the fatty acid. The 
energy for formation of the ester bond is furnished by cleavage of the 
pyrophosphate from ATP. The reaction is very similar to that involved in the 
activation of amino acids for protein synthesis (see Chap. 12), involving an 
enzyme-bound acyl-AMP intermediate. 
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In organisms with mitochondria, the acyl group is transferred to carnitine. 
The carnitine-acyl ester is transported into the mitochondrion, where the 
remainder of the reactions occur after transfer of the acyl group to in- 
tramitochondrial CoA. 

In the next reaction, hydrogen atoms are removed from the a- and 
/3-carbons, introducing an a, /3-unsaturation [Eq. (10-2)]. The enzyme, acyl- 
CoA dehydrogenase, is a flavoprotein enzyme that uses FAD as cofactor. 
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a,/3-unsaturated acyl-CoA 


( 10 - 2 ) 

The presence of a double bond allows the addition of the elements of 
water, introducing oxygen into the molecule without the use of molecular 
oxygen. The enzyme acyl-CoA hydratase forms the /3-hydroxyacyl-CoA by 
adding hydroxyl to the /8-carbon and hydrogen to the a-carbon [Eq. (10-3)]. 
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Removal of two hydrogen atoms from the same two carbons now creates 
a /3-keto group [Eq. (10-4)]. The enzyme, 3-hydroxyacyl-CoA dehydrogenase, 
uses NAD as cofactor. This sequence of three reactions [Eqs. (10-2), (10-3), 
and (10-4)], by which oxygen is introduced into the molecule, is exactly the 
same as reactions (9-21), (9-22), and (9-23) in the TCA cycle. 

OH q O o 

I /• NAD NADH 2 # 

R—CH—CH : —C—SCoA -=■-^-* R—C—CH,—C—SCoA 

/3-hvdroxyacyl-CoA /3-ketoacyl-CoA 

(10-4) 

The molecule now has been prepared for cleavage. The enzyme thiolase, 
using coenzyme A instead of water as in hydrolysis or phosphate as in 
phosphorolysis, catalyzes a thiolytic cleavage [Eq. (10-5)]. The products are 
acetyl-CoA, formed from the original carboxyl and a-carbons, and a CoA ester 
of a fatty acid shorter than the original by two carbon atoms. 
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The shortened acyl-CoA is now ready to participate in the same series of 
reactions [Eqs. (10-2) to (10-5)], losing the next two carbon atoms as acetyl- 
CoA. Repetition of this reaction sequence converts a fatty acid with an even 
number of carbons totally to acetyl-CoA, which enters the TCA cycle to be 
oxidized to carbon dioxide and water. Both the FAD and NAD reduced 
during the reaction sequence transfer hydrogen and/or electrons to the 
aerobic electron transport system for generation of ATP through oxidative 
phosphorylation. An additional three molecules of reduced NAD and one of 
reduced FAD are generated during the oxidation of one molecule of acetyl- 
CoA through the TCA cycle, and one substrate level phosphorylation occurs. 
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In eucaryotic microorganisms with a P/O ratio of 3, the net ATP synthesis 
resulting from the oxidation of one molecule of the commonly occurring 
16-carbon fatty acid, palmitic acid, is 129 molecules of ATP. This represents a 
40 percent efficiency of conservation of the free energy of oxidation of 
palmitic acid as ATP. 

In the oxidation of fatty acids that contain an uneven number of carbons, 
a three-carbon residue, propionyl-CoA, remains after removal of the other 
carbons as acetyl-CoA. This can be carboxylated (using energy furnished by- 
hydrolysis of ATP) to yield methylmalonyl-CoA, which is rearranged to form 
succinyl-CoA, an intermediate of the TCA cycle [Eq. (10-6)]. 
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Unsaturated fatty acids are oxidized through the same series of reactions 
used for saturated fatty acids but require two additional enzymes. These 
move the double bond and change its configuration so that it corresponds to 
the double bond that would be created during the metabolism of a saturated 
acid by the action of the acyl-CoA dehydrogenase. 


METABOLISM OF NUCLEIC ACIDS 

The nucleic acids RNA and DNA are hydrolyzed extracellularly to nucleo¬ 
tides by enzymes excreted by some bacteria and fungi. Enzymes produced by 
different organisms may cleave different bonds. A number of these specific 
enzymes are known to occur intracellularly, but it is not known how many of 
these may be excreted. Some species of Bacillus and Streptococcus are 
particularly active in the extracellular degradation of nucleic acids. Enzymes 
that degrade DNA are deoxyribonucleases (DNases ) and those that degrade 
RNA are ribonucleases (RNases ). Both hydrolyze phosphodiester bonds, 
releasing nucleotides. Before entering the cell, the highly ionized phosphate 
group must be removed by a phosphatase. The nucleosides are then trans¬ 
ported into the cell (see Fig. 10-4). 

As is true of proteins, nucleic acids are probably used as an energy source 
by few organisms if other energy sources, such as carbohydrates or lipids, are 
available. Growing cells need both ribo- and deoxyribonucleosides for the 
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synthesis of their own nucleic acids and nucleotide-containing coenzymes, 
and exogenous supplies of these molecules are used when available; that is, 
the synthesis of purine and pyrimidine nucleotides is repressed if they are 
available from an exogenous source (see Chap. 12). Some aerobic micro¬ 
organisms are able to utilize one or more of the purines and pyrimidines as 
sole sources of carbon, nitrogen, and energy. The initial reactions in the 
catabolism of the nucleosides differ with the organism. In using ribo- 
nucleosides, the ribose may be removed by hydrolysis or phosphorolysis, 
forming ribose 1-phosphate. Deamination of the ring often precedes ring 
cleavage. The purines are degraded to ammonia, carbon dioxide, and gly- 
oxylic acid. Two molecules of glyoxylate can condense with the loss of 
carbon dioxide to form tartronic semialdehyde. This can be reduced to 
glyceric acid, which may be phosphorylated by ATP to form the EMP 
intermediate 3-phosphoglyceric acid. These reactions have been shown to 
occur in several species of bacteria and fungi. Pyrimidines are degraded to 
ammonia and carbon dioxide. An intermediate product of the degradation of 
uracil is /3-alanine, NH 2 CH 2 CH 2 COOH, which is required for the synthesis of 
coenzyme A. 


METABOLISM OF HYDROCARBONS 

Because of their importance as environmental pollutants and the current 
interest in their use as substrate in the production of “single-cell protein,” we 
shall consider the metabolism of hydrocarbons at least briefly. 

Aliphatic (straight-chain) hydrocarbons are oxidized rather readily by a 
variety of bacteria and fungi. Molecular oxygen is required for the microbial 
metabolism of hydrocarbons, and their use is therefore restricted to aerobic 
environments. Several different modes of attack on aliphatic hydrocarbons 
have been reported, but the major route of metabolism probably involves 
oxidation of the terminal methyl group to a primary alcohol; this is the step 
that requires molecular oxygen. The alcohol is then successively oxidized by 
dehydrogenases to an aldehyde, and then to an acid (see Fig. 10-5). Once the 
hydrocarbon has been converted to a fatty acid, it can be metabolized through 
the beta-oxidation pathway described previously for fatty acids derived from 
lipids (see Fig. 10-3). Both saturated and unsaturated aliphatic hydrocarbons 
may be oxidized in this way. Other modes of attack involve oxidation of the 
subterminal carbon or oxidation at both ends of the molecule. 

The aromatic hydrocarbons, including benzene and its derivatives, are 
metabolized by cleavage of the ring to form a straight-chain acid. Depending 
on the substituents of the ring, the initial reactions may differ, but molecular 
oxygen generally is used in one or more reactions. In some cases, substituent 
groups may be oxidized or removed before the ring is attacked. Ring cleavage 
commonly occurs between adjacent hydroxyl groups by the addition of 
oxygen to form a linear dicarboxylic acid. The reactions by which adjacent 
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Figure 10-5 Metabolism of an aliphatic hydrocarbon by oxidation to a fatty acid. 

hydroxyl groups are introduced vary with the compound and the organism. 
One sequence of reactions that leads to cleavage of the benzene ring is shown 
in Fig. 10-6. Various pathways of attack on aromatic compounds give rise to 
the common intermediate /3-ketoadipic acid, which is further metabolized to 
acetyl-CoA and succinate, intermediates in the TCA cycle. 
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Figure 10-6 Metabolism of benzene. 
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Many complex hydrocarbons may be metabolized only slowly by micro¬ 
organisms. In some cases, complete metabolism cannot be achieved, at least 
by one organism, and the molecule may be only modified rather than com¬ 
pletely degraded. In studies of such reactions using pure cultures, the 
organism requires a second substrate that can be used as carbon source and 
possibly to supply additional energy. Such reactions have been called co¬ 
oxidations. 

Much remains to be learned about the metabolism of hydrocarbons. 
Research has been stimulated in recent years by the problems caused by the 
persistence of hydrocarbons, particularly those of higher molecular weight 
and more complex structure, in marine environments following oil spills 
(Friede et al., 1972). Fortunately or unfortunately, depending on one’s view¬ 
point and the environment in which the degradation occurs, the lower mole¬ 
cular weight fractions obtained from crude oil are readily degraded by 
microbial action in the presence of water and oxygen. This is a welcome 
activity when these compounds occur in waste streams or pollute the 
environment. It has presented a serious problem in storage facilities and fuel 
lines, however. Jet fuel must be filter-sterilized to prevent the growth of 
microorganisms in tanks and fuel lines. Fungi are a particular problem since 
they can survive with very little moisture. 

We may summarize our discussion of aerobic metabolism by stating again 
the belief of microbiologists that all naturally occurring compounds can be 
metabolized by microorganisms. Some can be metabolized only if oxygen is 
available, some are metabolized only very slowly, and some only by a few 
species of microorganisms. Aerobic metabolism is much more efficient and 
more versatile than anaerobic metabolism, which will be considered in the 
next chapter. For this reason, aerobic metabolism is the most widely used 
mechanism for the treatment of organic wastes. 


METABOLISM AND GROWTH 

Figure 3-1 was a representation of the aerobic decay process. Thus far, we 
have elucidated in some detail the physiological mechanisms that make these 
reactions proceed. However, there is much yet to be considered, particularly 
regarding the cultural conditions and microbial accommodations to them as 
organic matter is metabolized in natural and engineered environments. In the 
preceding discussion, it was shown how macromolecular substrates are dis- 
similated into smaller feedstock carbon chains. These smaller units are 
channeled through a variety of intermediary biochemical pathways, common 
to many species, from which the cell obtains energy, ATP, and the carbon 
chains that are used as starting materials for making nucleic acids, proteins, 
fats, and carbohydrates, the structural and functional constituents of new 
cells. A simplified representation of this machinery was shown in Fig. 9-1. 

The kinetic description given in Chap. 6 for batch and continuous growth 
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systems was a means of representing the rate of occurrence of the ultimate 
outcome of the complex system of chemical equations presented up to 
this point. The results of the operation of this metabolic machinery were 
expressed in parameters of functional and applied significance: substrate 
utilization (e.g., wastewater purification), oxygen utilization (BOD exertion), 
and growth (sludge or biomass production). The kinetic principles for batch 
and continuous culture systems of microorganisms presented in Chap. 6 were 
developed to describe the orderly process of balanced growth, i.e., the. smooth 
flow of organic (and inorganic) matter through the metabolic machinery 
depicted in Fig. 9-1. If there are no snags in the metabolic machinery and if 
the raw materials are constantly supplied (as in continuous culture) or are 
initially present in some abundance (as in batch cultures), the reactor of Fig. 
9-1 will form its product—a new reactor—and cell replication will proceed in 
an orderly manner. Units of production are measured in mass units as 
“growth.” The discussion of growth was begun by considering a batch 
system, and it is appropriate to return to Fig. 6-1 and consider some bio¬ 
chemical events that occur during the cycle of growth. 

Balanced Growth 

In a batch system in which a small inoculum of fresh, young, acclimated 
organisms was placed in an aeration vessel containing a concentration of 
carbon source that was relatively high compared with the initial concentration 
of cells and excess (but not excessive) concentrations of all other nutrients, 
the “growth” of the population necessarily involved the synthesis of DNA, 
RNA, protein, carbohydrate, and lipid from the building blocks obtained from 
the dissimilatory and energy-yielding intermediary metabolism of the carbon 
source. 

With reference to Fig. 6-1, if we measure growth by dry weight, the 
biomass grows at an exponential rate very quickly, but if we measure cell 
numbers, little or no cell division takes place during this early phase; that is, 
the viable or total count does not rise. The size (volume) of the cells increases 
and the RNA content of the cells increases. As will be seen in Chap. 12, RNA 
is needed to make protein, which is the largest single component of the cells. 
In short, the cells appear to be “tooling up” for rapid multiplication. During 
this period, the amount of DNA per cell increases. It must approximately 
double because, upon division, the two daughter cells contain equal 
amounts of the genetic material. However, the amount of DNA per milli¬ 
gram dry weight of cells decreases during this period because the amounts 
of other constituents such as RNA are increasing so rapidly. Protein, 
carbohydrate, and lipid contents also increase. After the first few divi¬ 
sions, the number of cells and the dry weight increase in parallel, in 
exponential growth, at some constant specific growth rate /a. The percentages 
of RNA and DNA, protein, carbohydrate, and lipid per cell are constant. This 
is often referred to as balanced growth. This situation does not last for long, 
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because after the inflection point, i.e., the beginning of the phase of 
decelerating growth, the mass per cell is no longer constant. The biomass 
concentration X still increases, but the weight per cell and the rate of increase 
in the number of cells in the system are decreasing. The amount of RNA in 
each cell decreases as the biomass concentration attains its maximum value; 
that is, the “stationary” phase is attained as the exogenous carbon source 5 is 
exhausted. The system then enters the endogenous or autodigestive phase, 
which we shall discuss in detail later. 

The above description of the biochemical events is somewhat idealized 
even for a pure culture but, in general, this course of compositional change 
does correspond to the observed kinetics of changes in X, S, and oxygen 
utilization when a small inoculum of cells is placed in a suitable medium for 
laboratory growth studies. We may question, however, whether this is the 
general case in the real world of environmental microbiology. The experiment 
described is, after all, a laboratory batch growth experiment, and the growth 
cycle, as was stated previously, is simply a convenient mode of description 
for the experimental observations. One application of such an experiment is 
in understanding the early events during the determination of the biochemical 
oxygen demand (BOD) of a soluble organic waste. The mechanism and 
kinetics of exertion of BOD during the BOD test occupy a very important 
place in environmental microbiology and will receive separate discussion later 
in this chapter. Another example of this type of system (assuming plug flow) is 
the receiving stream. The results of BOD testing are often applied in estimat¬ 
ing a stream’s ability to assimilate organic carbon source without depletion of 
the dissolved oxygen resource in the stream. 

In a continuous culture of microorganisms, the balanced condition, i.e., a 
steady state in X, S, and biochemical composition, can be obtained also when 
ix is held constant hydraulically but proportions of DNA, RNA, carbohydrate, 
protein, and lipid can change according to the value of n and the nature of 
the growth-limiting nutrient. The growth-limiting nutrient may be the carbon 
source, e.g., protein, carbohydrate, or fats, or it may be the available nitrogen 
or phosphorus or any other constituent needed for growth, i.e., cell repli¬ 
cation. The synthesis of various cellular constituents and their relative 
amounts in the biomass in continuous culture processes are important 
parameters used in estimating the capacity and healthful status of the treat¬ 
ment process. This is why it is important for us to consider some of the topics 
discussed in this chapter. 

Under balanced growth conditions, we can expect that the specific growth 
rate /x will be constant. In activated sludge processes, the value of fx. is low 
because cell recycle is used; it is constant because the system is maintained in 
a steady state due to the constancy of the operational parameters. At any rate, 
this is the assumption made in deriving and using the various kinetic models. 

Under balanced growth conditions /x is constant during an exponential 
phase in the batch growth cycle. This can be perpetuated indefinitely under 
steady state conditions in completely mixed continuous culture by hydraulic 
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control of /u,; /x„ = D in once-through reactor systems, and pt„ = 
D[ 1 + a - a{X R IX)] in cell recycle systems such as activated sludge processes. 
In the normal case, an activated sludge system is designed so that the carbon 
source is the growth-limiting nutrient. If it is not the limiting nutrient in the 
waste, it is made so by the addition of other essential nutrients in which the 
waste substrate may be deficient, e.g., nitrogen and phosphorus. Since the 
feed carbon sources are present in low concentrations and the desire is to 
obtain the lowest possible amount of residual carbon source in the effluent, 
the values of fi n (or fi) are necessarily very low (in accordance with principles 
discussed previously). However, regardless of its low value, ju. is held con¬ 
stant (or, in any event, the aim is to hold it so), and activated sludge processes 
can be thought of as balanced growth systems.* They are very special growth 
systems, though, because of their low growth rate and the means of obtaining 
it, i.e., the recycle of massive amounts of cells. 

In the remainder of this chapter we shall discuss some aspects of aerobic 
metabolism that have general fundamental interest in environmental micro¬ 
biology but have special significance to the subject of biological waste 
treatment. These include methods of making materials balances on experi¬ 
mental data from treatability studies, microbiological flocculation, some 
aspects of unbalanced growth (nitrogen requirements, oxidative assimilation, 
and storage products), endogenous energy requirements, and biochemical 
oxygen demand—both carbonaceous and nitrogenous. 


MATERIAL AND ENERGY BALANCES IN AEROBIC SYSTEMS 

In Fig. 6-1, the available carbon and energy source (ACOD) was used in 
general for the synthesis of new cells and for respiration (oxidation) to obtain 
energy used to synthesize the cells. Consequently, at any time during the 
experiment, one should be able to account for the mass of the carbon and 
energy source that has disappeared as the sum of the amount of it that was 
oxidized and the amount of it that was channeled into the biomass during that 
time period; one can make a mass balance on the system. Care must be 
exercised to use some colligative test such as ACOD for measuring the 
organic matter used at any time, because organisms can sometimes elaborate 


‘Much of what is true for activated sludge processes in regard to metabolism is true in 
general for fixed-bed reactor systems, e.g., packed towers or trickling filters. However, kinetic 
theory for fixed-bed reactors rests on a much less sound basis than does that for the activated 
sludge process. It is not possible to say whether balanced growth occurs or whether a steady state 
can be assumed. Questions as to the degree of homogeneity in the slime film and the degree of 
activity per unit thickness as well as a changing biomass concentration due to nonsteady 
sloughing of slime are matters that complicate the development of useful kinetic description and 
make almost impossible any experimental demonstration of mechanistic models that have been 
suggested. For this reason, we have omitted discussion of the kinetics of purification or growth in 
fixed-film reactor systems. 
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organic metabolic products into the medium, and a test for the specific 
substrate under question or even for a general class of compound (e.g., the 
anthrone test if glucose were the substrate) could give a gross overestimate 
of the amount of organic matter that actually had been removed from solution 
for respiration and synthesis during the time in question. 

Also, the summing of respiration and synthesis to account for the amount 
of carbon and energy source removed assumes that there are no other 
removal mechanisms in operation. This is not true for certain compounds. 
Some organic compounds can be stripped from solution due to aeration 
and/or agitation. Therefore, care should be taken to check the compounds or 
the wastewaters to determine their susceptibility to loss of organic content by 
physical stripping. Even for compounds that are not strippable, it is possible 
that the microorganisms in the course of metabolism may produce and release 
into the medium metabolic intermediate products that are strippable (Gaudy, 
Goswami, Manickam, and Gaudy, 1977). Thus, when one says that the 
disappearance of the carbon and energy source can be accounted for by 
respiration and synthesis, there is need for qualification and investigation of 
each case, and one should also realize that the accounting is an ap¬ 
proximation. Quantitative aspects regarding the kinetic description of the 
stripping process (which usually proceeds at a first-order, decreasing rate, i.e., 
with kinetics similar to those for reaeration) and factors affecting stripping 
and metabolism of strippable compounds are somewhat outside our present 
interest, but the subject has been of continuing investigational concern (see 
Gaudy, Engelbrecht, and Turner, 1961; Gaudy, Turner, and Pusztaszeri, 1963; 
and Thibodeaux, 1974). It is enough here to emphasize that some systems 
contain volatile (strippable) compounds, and one should make a preliminary 
investigation to determine whether aeration alone, in the absence of microbial 
metabolism, can bring about significant reduction in the organic content of the 
wastewater. Also there are some organic compounds in certain wastewaters 
that may be subject to chemical oxidation by oxygen under the mild chemical 
oxidizing conditions prevalent in the aeration tank. This, however, does not 
appear to be a major cause for disappearance of COD. The general assump¬ 
tion is that if the carbon source is respired to carbon dioxide and water, as 
measured by oxygen uptake, the carbon in carbon dioxide is accounted for as 
being removed for respiration and is therefore no longer available for in¬ 
corporation into the biomass. In general, this is true, but some carbon dioxide 
is used in biosynthesis, e.g., in the synthesis of purines, by heterotrophic 
organisms. However, this would seldom amount to as much as 10 percent of 
the carbon dioxide produced. 

Thus, accounting for the disappearance of organic matter in a batch 
growth experiment by respiration and synthesis may be somewhat of an 
approximation, but it is nonetheless an important and useful concept that is 
consistent with our understanding of the aerobic decay cycle, and one may 
use this concept as a basis for materials balances to check on the accuracy of 
experimental data. On the other hand, if scientists have been convinced of the 
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usefulness of the principle and they have become even more convinced of 
their infallibility as experimenters, they can use the materials balance prin¬ 
ciple to calculate values for analyses they have not obtained experimentally. 
This is one of the ways in which materials balances are used, although it is 
preferable to use them to check the data that have been obtained rather than 
to provide missing data. It is recalled that the equation in Fig. 3-1, or any 
other chemical equation for that matter, is by nature a materials balance or an 
energy balance. We shall apply this equation, which represents aerobic decay, 
to any period of time during an experiment such as the one shown in Fig. 6-1. 
This materials balance principle is the same as that used in Chap. 6, but in that 
case we were dealing with a constant flux or flow rate of material being 
processed. 


Methods 

There are several ways to approach the inventory of materials; we will 
describe three of them. 


1. Material balance based on weight of carbon source: If the substrate 
consists of a known compound, the oxygen uptake and the COD 
measurements can be calculated to an equivalent weight of substrate; in 
the example below, hexose is used. The recovery is then the ratio of the 
sum of the weight of substrate oxidized and the weight of substrate 
converted to cells (A cells) to the ACOD, calculated to the weight of 
substrate. Since the theoretical oxygen demand of hexose is 192/180, 
oxygen is converted to the weight of substrate by multiplying by 180/192. 


Recovery = 


(0.94)(O2 uptake) + A cells 
(0.94)ACOD 


(10-7) 


2. Material balance based on carbon: We may choose to balance the sum of 
carbon in carbon dioxide and carbon in the cells against the substrate 
carbon removed from solution. A carbon analyzer would be a handy tool, 
but several estimates can be used if an analyzer is not available. If one 
assumes that the carbon content per unit of cell mass is relatively constant, 
one can estimate the carbon in the cells from the weight of cells produced. 
In the example below, a carbon content of 51 percent is used. Capture of 
carbon dioxide for analysis may be difficult depending on the size and type 
of the experimental reactor used. If the empirical formula for the substrate 
is known, one can estimate the carbon dioxide production from the oxygen 
uptake. For hexose, 1 mol of oxygen is required per mole of carbon dioxide 
produced, and the weight ratio CO 2 /O 2 = 44/32 = 1.375. Also, one can 
calculate the carbon content of carbon dioxide, 12/44 = 0.273, and of the 
substrate, 72/180 = 0.4. 


(0.273X1.375X02 uptake) + A cells(0.51) 
Recovery (0.94)(0.4)(ACOD) 


( 10 - 8 ) 
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3. Materials andlor energy balance based on chemical oxygen demand: Use 
of the COD test as a measurement of the amount of organic matter has 
been discussed. The use of oxygen required for oxidation as the standard 
of expression for the organic matter, rather than some standard organic 
compound, enabled us to include in our assessment of the amount of 
organic matter its state of oxidation. Thus, we spoke of measuring organic 
matter in relation to the fuel energy it contained; the greater the fuel 
energy, the greater is the amount of oxygen needed to burn it. Thus it can 
be seen that the measurement of biological oxygen uptake, respiration, is 
really a measure of the portion of the chemical oxygen demand of the 
organic substrate that has actually been oxidized by the organisms. One 
may sum the oxygen uptake for respiration and the COD value of the cells 
that have been produced, and compare this with the amount of COD that 
has been removed from solution. The COD of the cells can be estimated if 
we know the empirical formula of the biomass. The empirical formula 
for cells used in Eq. (3-10) (CjH 7 N0 2 ) is often used as an approximation. 
On the other hand, the COD of the cells may be measured directly by 
performing a COD analysis on a sample of the biomass (Gaudy, Bhatla, 
and Gaudy, 1964). One may also obtain the COD of the cells as the 
difference between the COD of a sample of unfiltered reaction liquor, i.e., 
mixed liquor, and that of a filtered sample. In fact, if one measures these 
two COD values periodically as growth proceeds, one has all three pieces 
of information needed to make the materials balance. The COD removal at 
any time, ACOD, is obtained by running the COD of the filtrate, as before. 
The ACOD of the cells is obtained as outlined above; it can be seen that 
the ACOD that was respired, i.e., the oxygen uptake, is the difference 
between the mixed liquor COD values at the beginning and end of the time 
period in question. Thus, in addition to the methods for measuring oxygen 
uptake given in Chap. 6, the measured ACOD of the total reaction liquor, 
i.e., the mixed liquor, can be used to obtain the biological oxygen uptake. 
Energy or material balances based on COD can be made in any of the three 
ways in Eqs. (10-9), (10-10), and (10-11). 


Recovery 


_ P 2 uptake + 1.4 A cells 


Recovery 


ACOD 

_ 0 2 uptake + ACOD cells 
ACOD 


(10-9) 

( 10 - 10 ) 


n (ACOD mixed liquor) + (ACOD mixed liquor - ACOD) 

Recovery -- 1 -4COD-“-' 

( 10 - 11 ) 

Although one can obtain a plot of the growth curve as ACOD mixed 
liquor minus ACOD, the growth curve is usually measured by its actual 
biomass concentration X during an experiment, and measurement of the COD 
of the mixed liquor along with the COD remaining in the solution is used for 
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estimating the oxygen uptake. Thus, if one measures the COD of the mixed 
liquor, it is possible to run a fairly rigid experiment without having to 
determine the reaeration characteristics of the reactor or without using a 
Warburg apparatus. 


Examples of Material Balances Applied to Experimental Data 

In Chap. 6 it was mentioned that a Warburg apparatus can be used as a 
compartmentalized bioreactor. The results shown in Fig. 10-7 were obtained 
using the Warburg apparatus in this manner. The samples for mixed liquor 
COD, filtrate COD, and biological solids were obtained by removing a 
Warburg flask from the apparatus at each sampling time indicated. Oxygen 
uptake was obtained manometrically. In this figure the time scale used during 
the substrate removal period, i.e., the first 20 hours, is 10 times longer than 
that used for the autodigestive phase. Manometer readings were taken for 
only some of the Warburg flasks, and Fig. 10-8 attests to the high degree of 
reproducibility of the oxygen uptake values during the substrate removal 
phase. There is less reproducibility in the autodigestive phase—after the first 
20 hours of the experiment. The dotted line represents the oxygen uptake 
during the first 20 hours transposed to the smaller scale. In general, it can be 
concluded that during the substrate removal phase, oxygen uptake was 



Figure 10-7 Changes in substrate and biomass during exertion of BOD. Data points for CODs and 
cell mass were obtained by analyzing the contents of Warburg flasks removed sequentially during 
the experiment. (Data of A. F. Gaudy , C. L. Goldstein, and P. A. Perkins, unpublished .) 
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Figure 10-8 Accumulated oxygen uptake (BOD) in replicate Warburg flasks during the experi¬ 
ment shown in Fig. 10-7. The triangles are the oxygen uptakes calculated as the amount of mixed 
liquor COD removed using the mixed liquor COD curve shown in Fig. 10-7. (Data of A. F. Gaudy, 
C. L. Goldstein, and P. A. Perkins, unpublished.) 


essentially the same in all flasks and there was some divergence in the 
autodigestive phase, although for the most part the divergence was not 
excessive. The triangles in Fig. 10-8 represent the accumulated oxygen uptake 
calculated from the mixed liquor COD values. It can be seen that the ACOD 
of the mixed liquor provides a fairly useful estimate of oxygen uptake. 

For purposes of making material balances, the manometric oxygen uptake 
values may be averaged. Table 10-2 shows the percentage recovery calculated 
from Eqs. (10-7) to (10-11). All of the methods indicate that during the 
experiment, the sampling and the analyses were conducted with sufficient 
accuracy to account for the substrate removed as the sum of substrate 
respired and substrate channeled into cellular material. In general, these 
balances show that the sum of respiration and synthesis accounted for slightly 
more material than was removed from solution. This may be due to experi¬ 
mental error, or some of the carbon dioxide produced during respiration may 
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Table 10-2 Materials and energy balances during the experiment 
shown in Fig. 10-7 


Substrate recovery, percent* 


Time, 

h 

Weight, 

Eq. (10-7) 

Carbon, 

Eq. (10-8) 

COD, 

Eq. (10-9) 

COD, 

Eq. (10-10) 

COD, 

Eq. (10-11) 

6 

62 

72 

74 

96 

86 

9 

109 

127 

130 

100 

99 

14.5 

103 

118 

121 

108 

122 

24 

68 

72 

73 

102 

104 

29 

107 

122 

125 

106 

113 

60.5 

81 

86 

87 

105 

109 

130 

101 

109 

110 

110 

116 

228 

121 

130 

132 

108 

110 

299 

95 

97 

98 

116 

122 

370 

97 

100 

100 

109 

112 

443 

111 

115 

116 

114 

117 

488.5 

99 

101 

101 

114 

117 

514 

104 

107 

107 

110 

112 

Average 97 

104 

106 

108 

111 


♦The methods used are identified by the text equation numbers. 


have been used by the cells. In any event, the recoveries are rather good, and 
it is seen that the balancing methods are valid for both the growth and 
autodigestive phases. 

This type of study can also be performed in a batch reactor open to the 
atmosphere, such as that depicted in Fig. 10-9. In this case, oxygen uptake can 



Figure 10-9 Batch reactor setup for treatability study, including measurement of the oxygen 
uptake. 1, cotton filter; 2, air flow meter; 3, batch reactor, 4-in diameter test tube; 4, DO meter. 
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Figure 10-10 Oxygen uptake, COD removal, biomass growth, and mixed liquor COD during a 
batch experiment conducted in the apparatus shown in Fig. 10-9. (Data of A. F. Gaudy and T. T. 
Chang, unpublished .) 

COD 0 = 1044 mg/L, X 0 = 46 mg/L, COD ML = 1080 mg/L, S 0 IX Q = 23, K, = 0.1430 min -1 from 0 to 
10 h, K 2 = 0.1320 min" 1 from 10 to 25 h. 


be computed from a knowledge of the reaeration constant(s) for the reactor, 
provided one measures the DO profile during the experiment (see the method 
described in Chap. 6). In Fig. 10-10, data for soluble COD, mixed liquor COD, 
biomass concentration, and dissolved oxygen in a reactor like that shown in 
Fig. 10-9 were obtained experimentally, and the oxygen uptake curve was 
calculated as described in Chap. 6. The soluble COD was removed in this 
experiment by the seventeenth hour. At that time, the oxygen uptake, cal¬ 
culated from K .2 and the DO profile data, was 313 mg/L. The oxygen uptake 
calculated as the amount of mixed liquor COD removed was 328 mg/L. Using 
these experimental results, the COD of the cells can be obtained as (COD of 
mixed liquor)-(COD of filtrate). The values thus obtained can be checked 
against the COD values obtained for samples of the biomass. In this experi- 
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ment, the COD of the biomass was 1.2 mg COD per 1 mg of cells. The 
recovery at hour 17, obtained as the sum of the oxygen uptake, calculated 
from the DO sag curve, and the COD of the biomass divided by the amount of 
filtrate COD removed, was 98 percent. In making such studies, for example, 
during treatability studies on various wastewaters, one can choose to run 
either mixed liquor COD or dissolved oxygen profiles to get the oxygen uptake. 

In general, the use of the DO meter* to measure the dissolved oxygen 
represents an easier method than running COD values on the cells, since in 
order to get an oxygen uptake curve, a fairly large number of CODs must be 
performed on the mixed liquor. However, the dependability of oxygen uptake 
data is related to the accuracy of the X? values used for the reactor. The 
accuracy of the numerical computation is also dependent on obtaining a DO 
profile that has a significant sag. The sag, however, cannot be allowed to reach 
a DO value of 0 during the experiment or else the experimental results may be 
affected by the DO concentration. Thus, the DO sag method has some pitfalls 
and requires considerable care and effort. Many environmental factors can 
change the reaeration constant. Prominent among these are the concentration 
of suspended solids present and the concentration of inorganic salts. In Fig. 
10-11, the effect of the concentration of mineral salts in the medium on the 



Relative strength of mineral salts 


Figure 10-11 Effect of mineral salts on reaeration rate. Air flow rate = 3000cm 3 /min; no biological 
solids in the system: all K 2 values adjusted to 25°C. ( Data of A. F. Gaudy and T. T. Chang , 
unpublished.) Relative strength: 1 = (NH 4 ) 2 S0 4 , 500mg/L; MgS0 4 -7H,0, lOOmg/L; FeCl 3 -6H 2 0, 
0.5 mg/L; MnS0 4 H 2 0,10mg/L;CaCI 2 -2H 2 O,7.5 mg/L; 1.0 M phosphate buffer (KH,P0 4 ,52.7 g/L: 
K 2 HP0 4 , 107 g/L), lOOml/L. 

*A DO meter is a device that measures dissolved oxygen. Several types of manufactured DO 
meters are available. 
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Figure 10-12 Effect of biomass concentration on reaeration rate constant. Cells were killed with 
Cloroxat2.4 ml/Lper 100 mg/L of biomass. All K 2 values adjusted to 25°C. (Data of A. F. Gaudy and 
T. T. Chang, unpublished.) 


r 






























1 















L. 

• 







* _ 











• 




1 



• 


—: 

> 

















_1_ I I _ I I _1_I_I_ I _ I _4—1_I_i—l_I_I 

200 400 600 800 1000 1200 1400 1600 1800 2000 2600 2800 4000 4200 4400 

Biological solids concentration, mg/L 


value of K 2 is shown. The number 1 on the x axis represents the normal 
strength of the mineral salts medium that was used in the experiments shown 
in Fig. 10-10; 2 indicates double strength; etc. The effect of increasing the 
concentration of the biomass on K 2 is shown in Fig. 10-12. A small concen¬ 
tration of Clorox, sufficient to kill the cells, was added so that there was no 
oxygen uptake during the experiment. Curves such as these can be used to 
adjust the K 2 values as a batch experiment progresses. 

We can see from these examples that while oxygen uptake measurements 
during the course of an experiment can be obtained, there is really no easy 
way to do it; it is usually more difficult to obtain oxygen uptake measurements 
than to obtain the growth curve or the COD removal curve. The manometric 
method requires special equipment; the sag method requires investigational 
attention in regard to K 2 \ and the accumulated decrease in mixed liquor COD 
requires running many COD determinations in order to obtain enough plotting 
points to define the oxygen uptake curve. Although it is not a recommended 
procedure, the oxygen uptake can be determined, by using the aerobic 
balance principle, as the resultant missing data: Accumulated oxygen 
uptake = ACOD-1.4(AX). That is, the accumulated oxygen uptake at any 
time during the experiment can be calculated as the COD removed minus the 
COD of the cells produced. In lieu of actually determining the COD of the 
cells, one may use the value 1.4 calculated from the theoretical COD of 
microbial cells using the empirical formula for the microbial cells [Eq. (3-10)]. 
This procedure is, of course, not so recommended as the use of the principle 
of aerobic materials balances for checking experimental results, but it pro¬ 
vides an approximation of the oxygen uptake or biochemical oxygen demand 
exerted during the substrate removal and autodigestive phases. Later we shall 
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see that there is yet another analytical procedure, run under more dilute 
conditions, to obtain the value of the oxygen uptake, i.e., the BOD test. 


MICROBIAL FLOCCULATION 

The heterogeneous microbial populations grown in biological reactors such as 
activated sludge tanks or fixed or rotating contact reactors are commonly 
separated from the liquor by quiescent settling. This requires that the micro¬ 
organisms exist not as singly dispersed cells in the liquid but in clumps, 
aggregates, or flocculated particles with a density sufficiently greater than that 
of the bulk liquid so that they subside either as individual floe particles or as a 
blanket or matrix of increasing bulk density due to aggregation of the floe as 
the total mass settles. On fixed or rotating biological contactors, the clumps of 
cells that are subject to settling are usually bits of biological slimes that were 
formerly attached to the reactor surfaces and have broken off due to a 
combination of their own weight and the hydraulic forces tending to detach 
and flush them out of the reactor. In activated sludge processes, the clumps or 
floes form largely because individual cells have come into contact and 
coalesced into large aggregates containing billions of cells of different species 
of bacteria, fungi, and protozoa. If we can think of the microbial cell as the 
“littlest bioreactor,” the floe particle is the “littlest ecological system” or the 
next to the littlest bioreactor. 

Under usual operational conditions, flocculation of cells inevitably occurs 
in an activated sludge process; unfortunately, it is the unreliability of the 
inevitable that causes concern. It is clear that the economics of accomplishing 
the aims of the public mandate to provide adequate wastewater treatment 
(e.g., Pub. L. 92-500) is completely dependent on a reliable means of separat¬ 
ing the cells from the liquid, and it should be of great concern to environ¬ 
mental technologists that so little is known about the mechanism(s) that cause 
flocculation and permit quiescent settling to be used. Flocculation is seldom 
observed during batch growth studies when pure cultures are used. Floc¬ 
culation is sometimes, but not often, observed during batch growth studies 
with heterogeneous microbial seeds when the seed is obtained from a well- 
flocculated activated sludge. In general, however, when microbial cells are 
growing rather rapidly, they are dispersed. Flocculation tends to occur in 
heterogeneous populations when the ecosystem matures and there are limited 
growth resources. It can also occur in a pure culture system, and when it 
does, it usually does not happen until the growth resource, i.e., the carbon and 
energy source, is severely limited or exhausted. The relative old age or 
maturity of the system seems to be the common condition for autoaggregation 
whether in heterogeneous or pure culture populations. For one reason or for 
many, heterogeneous cultures found in nature tend to aggregate into a 
biological community. 

In activated sludges, the natural community is the floe particle. We use 
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the flocculated condition to advantage even though we cannot say why or how 
it really comes about. We have seen that if the biochemical ability of 
microorganisms were the only consideration, we could use much higher 
specific growth rates in wastewater treatment reactors (see Chap. 6). There 
are various reasons why very low specific growth rates are used, and 
prominent among them is the fact that settleable floe particles generally do 
not develop unless values of /a. are very low. Another prominent and related 
reason for the use of low values of specific growth rate is that the observed 
yield, i.e., the excess sludge, which represents a waste disposal problem in the 
treatment process, is minimized by growth of the cells at low values of fi. As 
we have already seen, low values of /a also provide low values of S e . Thus, 
from the standpoint of flocculation and settleability as well as removal of 
soluble substrate, the slow growth characteristic of the mature ecosystem is 
advantageous. The floe particle, consisting of bacteria and fungi as primary 
feeders with grazing protozoa, Crustacea, and perhaps other predators, is an 
ecosystem with some semblance of balance and completeness and is con¬ 
sidered to be a healthy natural one, whether it occurs in a biotreatment reactor 
or in a healthy receiving stream. 

A general knowledge of the conditions leading to flocculation and those 
neecled to maintain it, i.e., low specific growth rates or low flux of primary 
carbon arid energy source, is useful but it does not gi veil s a scientific liasis 
for understanding the mechanisms by which flocculation comes about and is 
maintained. This information is needed to provide design and operational 
parameters and to suggest remedial measures to ensure floe building. 

Early attempts at understanding the process of flocculation consisted of 
making exhaustive microscopic observations of the particles, followed by 
isolation and separate study of the predominating species. Studies of this type 
led Butterfield and his coworkers (1931) to conclude that floes were formed 
because certain organisms—in fact, one in particular—capable of producing a 
copious matrix of capsular slime predominated in activated sludge. One 
organism, the pseudomonad Zoogloea ramigera, proliferated in such a gela¬ 
tinous matrix; as the cells grew, the slime matrix grew also, presumably 
because the cohesive forces between polymer molecules were greater than 
the hydraulic mixing forces tending to shear the floe. Other organisms that 
ordinarily grew in dispersion as well as bits of nonmicrobial organic matter 
became entrapped in the zoogloeal mass. This gelatinous mass also provided a 
grazing area for predators and a surface for attachment of stalked forms, thus 
completing the microcosm. All floes examined appeared to contain the 
zoogloeal masses, and the conclusion was that flocculation occurred because 
of the presence of this particular species. It became accepted that this 
microorganism was the cause of flocculation. McKinney and Horwood (1952) 
demonstrated that flocculation was not dependent on the presence of Z. 
ramigera by showing that various species found in sewage also were capable 
of clumping or forming floe. In general, floe formation occurred when,.little 
carbon and energy source remained in the system. Thus, flocculation was 



MICROBIAL FLOCCULATION 447 



Figure 10-13 Variations of (a) con¬ 
centration of biomass, (b) soluble 
COD. (c) biological flocculatability, 
and (d) chemical flocculatability with 
time in batch studies. (Adapted from 
Tenney and Stumm, 1965.) 


envisioned as a more general phenomenon, controlled more by environmental 
conditions thanJay ihe presence of a particular species of microorganism. The 
development of an aggregated biomass in relation to growth and depletion of 
the exogenous carbon source is demonstrated in Fig. 10-13. 

While the overriding general condition for enhancing flocculation in pure 
cultures and heterogeneous populations is apparently the age or maturation of 
the population, this information by itself tells us little about what causes the 
cells to aggregate. The concepts of colloidal chemistry provide a possible 
explanation. Bacterial cells are of colloidal size, and they usually carry a 
negative charge except at very acid pH values; that is, they migrate toward 
the positive pole (anode) in an electric field. Like any negatively charged 
colloid, upon charge neutralization they may precipitate on a solid surface or 
on another cell, thus forming aggregates or floes. If the difference in electric 
potential between the surrounding medium and the migrating bacterial colloid 
(the zeta-potential) is lowered to approximately 15 mV, cells may coalesce; 
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i.e., the surface charge does not need to be reduced to 0 for flocculation to occur. 
On the other hand, cells can exhibit a 0 zeta-potential and form stable 
(nonaggregated) suspensions; hence, one cannot attribute flocculation to simply 
charge neutralization. 

McKinney felt that cellular energy was required to maintain the cell in a 
stable suspension. Crabtree et al. (1966) concluded that the_synth#sis-o£ the 
microbial storage product poly-/3-hydroxybutyric acid was the cause of 
microbial flocculation, but others have isolated floc-forming species from 
activated sludge that do not produce poly-jB-hydroxybutyrate (Angelbech and 
Kirsch, 1969). Although some bacteria that do not produce any extracellular 
capsular slimes have been observed to flocculate, the presence of some 
cohesive or binding material has been observed so often in flocculating 
populations that it should be accorded a prominent role if not considered the 
sole mechanism by which floe is made and held together. Some pseudomonad 
strains have been shown to be held in a flocculated state by intertwined fibrils 
(flagella-like protrusions), which can be dissolved and the cells dispersed upon 
contact with the enzyme cellulase (Deinema and Zevenhuizen, 1971). Tago 
and Aida (1977) have recently shown that a floc-forming bacterium isolated 
from activated sludge is held in aggregation by a mucopolysaccharide. 
Deflocculation can be brought about only by the action of a hydrolyzing 
enzyme, produced by the organism, that is specific for the mucopolysac¬ 
charide. Figure 10-14 shows the cells embedded in a film mesh. Deflocculated 
cells are devoid of this mesh. 

The fact that the addition of various commercial polymers (polyelec¬ 
trolytes) as flocculation aids often results in aggregation also suggests that 
autoflocculation may be generated by naturally produced polyelectrolytes, 
e.g., polysaccharides. Thus, while it has been shown that Z. ramigera is not 
the sole cause of floe formation, current thinking on the subject accords a 
major role to biologically produced polymers in the form of capsules, fiber¬ 
like strands, or film meshes. More generally, there is a growing body of 
information indicating that in natural, i.e., mixed, populations, as compared 
with pure cultures of single species, many types of cells produce a matted 
mass of polysaccharide fibers extending outward from the membrane. This 
glycocalyx provides the effective surface of the cell and permits it to attach to 
specific surfaces and/or to bind to the glycocalyx of other cells. Since the 
glycocalyx is generally found in mixed rather than pure cultures, the assump¬ 
tion is that it is produced at the expenditure of carbon and energy as a 
protective mechanism and that its presence offers the cell a competitive 
advantage in a natural environment (see Costerton et al., 1978). The common 
occurrence of a polysaccharide glycocalyx has only recently been postulated, 
and much more study of this phenomenon is needed. It is important to 
emphasize that these and other recent findings demonstrate that it is not 
sufficient to study microbial species in isolated pure culture. Such studies are 
important and necessary, but they must be supplemented by studies of 
mixtures of populations, since pure culture studies cannot detect 
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Figure 10-14 Scanning electron micrograph of a floe of bacteria isolated from activated sludge. Cells 
are embedded in a film mesh; A, SOOOA'; B, 12,5000 X. (Courtesy of Dr. Y. Tago, University of Tokyo.) 

modifications of metabolic behavior and capabilities of the species in com¬ 
munal situations, such as the flocculated community represented by an 
activated sludge particle. 

The filamentous bacteria and fungi can play a useful role in the con¬ 
struction of the floe particle. An overabundance of such organisms can, 
however, result in the development of a very loose and large floe particle that 
is of such bulk and “fluffiness” that it will not subside. Thus, upon quiescent 



450 AEROBIC METABOLISM 


standing, the suspension will not separate into sludge and supernatant layers. 
This condition, known as a bulking sludge, causes biomass to escape in the 
overflow or effluent from a clarifier. Bulking sludge can be caused by the 
presence of excessive amounts of extracellular polysaccharide, which prevent 
the cells from forming a tight floe, as well as by an overabundance of 
filamentous forms. It could also be brought about by biological attack on film 
meshes and capsular slimes that bind cells together. There are various 
possible reasons for the loss of flocculating and settling characteristics; 
however, excessive numbers of filamentous organisms is probably the most 
frequent cause. 

Early studies in our own laboratories, using commercial polyelectrolytes 
as flocculating agents for dispersed heterogeneous microbial populations, 
indicated that rapid flocculation can be made to occur by the addition of such 
polyelectrolytes. Invariably, the flocculated cells removed the carbon and 
energy source at a slower rate than did the dispersed suspensions. It could not 
be determined whether the slower removal rate was due to any metabolic 
inhibition caused by the polymers or to the lower degree of accessibility of 
carbon and energy sources to the tightly flocculated biomass (T. Yu and A. F. 
Gaudy Jr., unpublished results). In other experiments, the addition of each of 
five extracellular capsular slimes, harvested from bacteria that produced 
copious capsules, to stable suspensions of heterogeneous microbial popu¬ 
lations shortly after the period of exponential growth did not result in any 
flocculation of the cells (J. Kelley and A. F. Gaudy Jr., unpublished results). 
Thus, on the basis of admittedly preliminary experimentation, one gains the 
impression that if biologically produced extracellular polymers are significant 
causes of flocculation, they are probably rather selective in their action in 
regard to the type of cells and stage of growth. It now seems certain that no 
one polymer-producing species is responsible for flocculation, but that many 
species may play a role in the process. At any given time, one or two species 
in the system may be largely responsible for floe formation, but these may 
change as environmental conditions in the process change. The degree of 
autoflocculation will change from time to time, and the usefulness of a 
specific remedial measure may change with a shift in the predominance of 
species. 

It is unfortunate that so little is known about the mechanism of 
autoflocculation. In all probability there is no one overriding means by which 
it is brought about in heterogeneous populations. The microcosm that the floe 
particle represents is so complicated that study is indeed difficult. However, 
greater understanding will surely be required if quiescent settling is to remain 
the operation of choice for separation. Some of the pressures to study this 
phenomenon, but certainly none of the need, will be relieved as chemically 
assisted bioflocculation is used more commonly. The addition of ferric salts 
and/or alum, with or without polyelectrolyte coagulant aids, during times of 
inadequate autoflocculation is a useful remedial measure that is now coming 
into greater use. The formation of chemical floes such as are produced by the 



OXIDATIVE ASSIMILATION—EXTREME UNBALANCED “GROWTH” 451 


addition of ferric salts and alum is also a useful measure to combat periodic 
bulking. Often both nonflocculating and bulking systems can be corrected 
gradually by adjusting the pH and gaining closer control of fluctuations in the 
concentration and type of incoming substrate S,. Chemical assistance in the 
separation during the period required to effect the needed shifts in microbial 
species may in many cases be the only way a plant can maintain functional 
operation during the correction period. 

Autoflocculation of the biomass forms a bridge between the unit proces¬ 
ses of microbial growth in the bioreactor and gravity sedimentation in the 
clarifier. Although not formally recognized as such, microbial flocculation is in 
itself a unit process that usually accompanies slow growth in the bioreactor 
and permits the clarifier to perform its function as a subsidence basin. Not 
enough is known about the mechanisms of autoflocculation and the means of 
controlling them to allow us to devise a set of design and operational 
principles as is done for other unit processes. Microbial flocculation can be 
controlled to some degree by engineering expedients consisting of add-ons, 
such as dosing with chemical coagulants and commercial polymers. The use 
of these aids to flocculation represents a significant increase in costs, and 
continued study of autoflocculating mechanisms could help eliminate the need 
for additives. 


OXIDATIVE ASSIMILATION—EXTREME UNBALANCED 
“GROWTH” 

As we pointed out, when microbial growth is discussed it is generally assumed 
that all of the nutrients required for cell replication are present. However, it is 
possible to remove substrate when this is not the case. The term oxidative 
assimilation pertains to the uptake of organic matter from solution and its use 
for the synthesis of some cellular constituents under conditions in which cell 
replication is not possible or is severely retarded. Under such conditions, 
growth, as measured by an increase in the biomass concentration, is 
significant and, as we shall see, may proceed to the same extent and at 
approximately the same rate as growth in a system that is not severely limited 
in replication. Most experiments conducted on oxidative assimilation have 
involved the use of so-called resting cells. This simply means that the nitrogen 
source has been withheld or an inhibitor of protein and/or nucleic acid 
synthesis has been added. The term nonproliferating systems is equally 
appropriate. Thus, the only major carbonaceous synthesis that is possible in 
systems in which protein and nucleic acid synthesis is blocked is that of 
carbohydrates or lipids. 

Oxidative assimilation was discovered when experimenters working with 
nonproliferating pure cultures in defined media could not account for the 
utilization of the added organic compound by carbon dioxide production 
alone. That is, the added organic compound disappeared from solution but 
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was not totally oxidized. Some synthesis of cellular materials (oxidative 
assimilation) was indicated even though growth, i.e., replication, was im¬ 
possible. In those early studies, removal of organic matter was not measured 
by a general test for total organic matter such as the COD test but by a 
specific test for the compound added. It was, of course, possible that cells 
could change the original compound so that it would not be detected without 
removing a very large portion of the organic matter it contained. However, 
sufficient evidence has been amassed to show conclusively that organic matter 
can be oxidatively assimilated into cell components. This is tantamount to 



Figure 10-15 Comparison of biomass accumulation and endogenous phases under (A) growing and 
(B) nonproliferating conditions for initial S 0 /A' 0 = 32. (From J. J. Su and A. F. Gaudy, unpublished 
data.) 
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Figure 10-15 (Contd). 


saying that it may be possible to purify wastewaters with no cell replication 
taking place during the purification process. 

With this interest in mind we may ask a few questions. How general is the 
phenomenon? Does it occur in heterogeneous microbial populations or in only 
a few species of microorganisms and with a few substrates? Is there any 
relationship between the concentration of biomass present and the oxidative 
assimilation of the substrate? It would seem safe to surmise that the more 
resting cells one started with, the faster the rate of substrate uptake would be 
into nonnitrogenous materials. One might also wonder whether, if the SJX 
ratio were high, most of the substrate might be removed for nonnitrogenous 
syntheses even with a relatively low concentration of cells; that is, what are 





454 AEROBIC METABOLISM 


the extent and limits of capacity for the expression of this biochemical 
phenomenon? Furthermore, other than the obvious applied interest previously 
stated, can this phenomenon give us further insight into understanding the 
biological treatment processes? 

Answers to some of these questions are found in parts B (nonproliferating 
systems) of Figs. 10-15, 10-16, and 10-17, which show the course of biomass 
accumulation and substrate removal as well as information on biomass 
composition. Glucose was used as substrate in the-experiment shown in Fig. 
10-15; glycerol was used in those in Figs. 10-16 and 10-17. In all of the 
nonproliferating systems, the substrate was removed and significant portions 
were assimilated into the biomass. Essentially none of the substrate was 
channeled into the net synthesis of cellular protein, but much was channeled 
into the synthesis of cellular carbohydrates. The rates of biomass ac¬ 
cumulation and substrate removal were much affected by the ratio of biomass 
X 0 to substrate S 0 . It should be clear from these experiments, especially from 
the one shown in Fig. 10-15, that oxidative assimilation is not observed only at 
high biomass concentrations. The oxidative assimilation capacity of micro¬ 
organisms is extraordinarily high: for example, in Fig. 10-15, slightly more than 
100 mg/L of cells oxidatively assimilated 3200 mg/L of glucose COD. That is, for 
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Figure 10-16 Comparison of biomass accumulation and endogenous phases under (A) growing and 
(S) nonproliferating conditions for initial S 0 IX 0 = 21. ( From Thabaraj and Gaudy, 1971.) 
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Figure 10-17 Comparison of biomass accumulation and endogenous phases under (A) growing and 
(B) nonproliferating conditions for initial S 0 /X o = 3. (From Thabaraj and Gaudy, 1971.) 


cells capable of producing a nonnitrogenous store (oxidative assimilation) from a 
particular substrate, it is not the amount of assimilation that is limited by biomass 
concentration but its rate. It is important to note in this long-term experiment 
that after the exogenous COD was removed, the carbohydrate that had been 
synthesized by the cells was available as a substrate. In the “endogenous” phase, 
the biomass concentration and its carbohydrate content decreased in cycles of 
increase and decrease accompanied by complementary cycles in soluble COD, 
as material inside the cells was released and reused in subsequent assimilation. 
The term autodigestion might be better used than endogenous respiration, since 
the downward cycling of solids was accompanied by the release and uptake of 
soluble exogenous COD. After the time period shown in the figure, a small 
amount of ammonium ion was introduced and shortly thereafter growth was 
initiated, using the residual COD and reducing it to a very low value. 

As to the growing systems shown in these figures (parts A), we shall look 
at them in descending order of S 0 /X 0 . In Fig. 10-15A, we see that even at the 
very high S 0 /X 0 ratio of 32/1, the organic matter was removed from solution 
very rapidly in approximately 12 h, compared with several hundred hours in 
part B. Protein and carbohydrate content rose together, along with the 
biomass concentration. Clearly, the substrate was being removed because the 
cells were proliferating, in contrast to the events in part B where the biomass 
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Figure 10-18 (A) Metabolism of sorbitol under growing conditions for initial S 0 IX 0 = 0.6. (B) 
Metabolism of glucose under growing conditions for initial S 0 IX 0 = 0.4. ( From Krishnan and Gaudy , 
1968.) 


growth was due to nonnitrogenous syntheses. There are indeed tremendous 
and obvious differences in the mechanism and rate of substrate removal and 
sludge growth in the growing and nonproliferating systems, even though the 
end result in both is sludge accumulation and substrate removal. As we move 
down the scale to the 21/1 ratio (see Fig. 10-16A), a response much like that at 
the 32/1 ratio is observed. One can conclude that there are essentially the 
same differences in mechanism and kinetics in parts A and B for both 
experiments during the substrate removal phase. However, at the 3/1 ratio 
(Fig. 10-17), the behavior of both systems obviously changes. 

At a 3/1 ratio of S 0 /X 0 , protein synthesis in the growth system is outpaced 
by carbohydrate synthesis. In fact, protein continues to be synthesized after 
substrate has been removed, and the synthesis of this nitrogenous compound, 
which is indicative of replicative growth, goes on at the expense of the stored 
carbohydrate. Thus, as we move toward lower So/X 0 ratios in the growth 
system, the mechanism that is most prevalent during the substrate removal 
phase involves the synthesis of nonnitrogenous cellular materials; that is, it 
involves oxidative assimilation. The system with nitrogen initially behaves 
much like the system without nitrogen. Furthermore, at even lower S 0 /X 0 ratios, 
both the kinetics and mechanism of substrate removal and sludge production 
become the same for both types of system. They both remove substrate at 
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approximately the same rate by oxidative assimilation rather than by protein 
synthesis. When the S 0 /X 0 ratio is less than 1.0, substrate uptake can be 
extremely rapid, and during the time required to remove the substrate from 
solution, most of the synthesis involves nonnitrogenous compounds. For 
example, in Fig. 10-18A, for which the S 0 IX 0 ratio was well below 1.0, more 
than 90 percent of the carbon source and the COD due to it were removed in 
1.5 h, and more carbohydrate than protein synthesis occurred. The same 
occurs in the glucose-fed system shown in part B of the figure. 

The Biosorption Process 

When one considers that in an activated sludge process biomass concen¬ 
trations of 2000 to 2500 mg/L have been traditionally used, and the substrate 
concentrations in many cases are in the range of 200 to 300 mg/L (S,/X =0.1), 
it can be assumed that substrate can be oxidatively assimilated very rapidly. 
If one were to increase X to the range of 5000 to 7000 mg/L, the removal of 
soluble substrate could take place in several minutes. There should be little 
wonder then why, in the modification of the activated sludge process often 
referred to as the contact stabilization or biosorption process, shown in the 
flow sheet of Fig. 10-19, a mean hydraulic retention time t of approximately 
30 to 45 min is sufficient for substrate uptake or purification of the waste. This 
process scheme was devised three decades ago, when information on the 
oxidative assimilation of soluble organic compounds by heterogeneous popu¬ 
lations such as that shown in Figs. 10-15 to 10-18 was not available. Also, at 
the time this flow sheet was envisioned, the wastewater used in the experi¬ 
mental operational runs contained considerable amounts of suspended organic 
solids. The removal of the substrate, measured on the basis of its biochemical 
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Figure 10-19 Flow diagram for contact stabilization or biosorption activated sludge process. 
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oxygen demand, was very rapid, and there was reason to hypothesize, based 
on observations, that the rapid decrease in BOD was due to the adsorption of 
the oxygen-demanding organic matter onto the flocculated biomass particles. 
However, when the process was used with some success on soluble industrial 
wastes that did not contain adsorbable molecules, there was reason to doubt 
that adsorption was a major mechanism of purification for this process. These 
doubts were reflected in the tendency to replace the word adsorption by the 
word sorption. Nonetheless, the idea persisted that the mechanism of 
purification in the biosorption process was adsorption, and it was thought that 
the real purpose or function of the second aeration tank (Fig. 10-19) was 
for biooxidation, i.e., “burning off” of the “sorbed” material, to regenerate the 
ability of the sludge to transfer soluble molecules onto or into the biomass. 
Thus, the sludge was regenerated so that it could be used for another pass 
through the contact tank. However, the mechanism of substrate removal for 
soluble organics is more properly described as their oxidative assimilation 
into nonnitrogenous storage products. And, as demonstrated in Figs. 10-17 
and 10-18, for example, when So/X 0 is low, these storage products are 
synthesized and then used for the production of cellular protein characteristic 
of cellular growth. It should be noted that neither sorbitol nor glycerol reacts 
in the anthrone test for carbohydrate, which was used to measure the 
carbohydrate content of the cells. Therefore, the observed increase in the 
amount of cellular carbohydrate could not have been due to sorption, or 
simple uptake, of these substrates. Rather, they were metabolized and con¬ 
verted to material that was carbohydrate in nature. 

One may reason with validity that even in the absence of the conversion 
of some of these carbohydrate stores to protein, endogenous respiration (e.g., 
in the second aeration tank of Fig. 10-19) would burn off (i.e., respire) some of 
the intracellular storage products. However, it has been shown rather con¬ 
clusively that the capacity of the biomass to take up more substrate upon 
recycling is rapidly and progressively diminished unless a significant portion 
of the stores is converted to protein in the endogenous or regeneration phase 
(Komolrit et al., 1967). Unfortunately, this regeneration or rejuvenation of 
oxidative assimilation capacity is seriously hampered in the standard contact 
stabilization process because the nitrogen source, which is usually ammonium 
ion, has exited in the effluent and is thus no longer available to participate in 
the conversion of storage products to protein when a portion of the clarifier 
underflow is channeled to the regeneration tank. Clearly, the short contact 
time and high solids content put the contact stabilization process at a distinct 
biochemical disadvantage. This probably has had much to do with its limited 
use. One can imagine the chagrin of the industrial manager who is producing a 
nitrogen-deficient waste and finds not only that much of the ammonium ion he 
has paid to add to treat the waste has not provided reliably good treatment but 
also that its addition has made him a nitrogen polluter because the treatment 
process was designed, built, and operated on the basis of an erroneous 
concept of the biochemical mechanism of the process. We do not mean to say 
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that adsorption cannot play a role in the purification process, whether it is a 
high-solids system or not. After all, some wastes—particularly municipal 
wastes—may contain as much or more colloidal organic material as soluble 
compounds. Adsorption and entrapment of particulates and highly charged 
molecules in the biomass matrix undoubtedly play a role in these situations. 
But the process cannot be perpetuated without protein synthesis somewhere 
in the flow scheme; i.e., one cannot continue to purify waste without produc¬ 
ing new cells. If some of the adsorbed colloidal material contains a source of 
organic nitrogen, for example, proteins, these may be utilized in the regenera¬ 
tion tank to the extent that they are present in the underflow sludge. Thus, for 
municipal wastes the process may provide satisfactory results, although not 
for the reasons formerly believed. 

Treatment of Wastes by Continuous Oxidative Assimilation 

While an understanding of oxidative assimilation and the effect of the ratio 
SJX on its role in substrate removal aids us in the mechanistic analysis of 
treatment processes, it also poses a challenge for us to use the knowledge to 
improve the efficiency of treatment, and it suggests an interesting possibility. 
If, at high SJX ratios, wastewater purification takes place first by uptake and 
conversion to an internal carbon store followed by the use of this store for 
production of nitrogenous compounds needed for replicative growth, is it 
possible to separate the processes physically? This is essentially what the 
system tried to do in the contact stabilization process, but it cannot ac¬ 
complish this because of the lack of a nitrogen source where it is most 
needed. One possible solution would be to add the nitrogen to the regenera¬ 
tion tank rather than to the contact tank. The retention times, i.e., tank 
volumes, would not necessarily be those used in the biosorption process. The 
t for the first tank would be governed by the time requirements for oxidative 
assimilation of the particular waste in question, the waste COD concentration 
S„ and the amount of biomass X one chose to use. The t for the second 
aeration tank would depend on the time required to convert a sufficient 
amount of the stored carbon to protein to regenerate the rapid substrate 
uptake capacity of the biomass. 

Could such a process work on a continuous flow basis? Which hydraulic 
regime, plug or completely mixed flow, would be usable? Laboratory pilot 
plant investigations have provided some answers and insights into these 
questions and modes of operation, and they suggest some design con¬ 
siderations. The flow diagram and pilot plant shown in Fig. 10-20A and B have 
been used to treat continuously synthetic waste with such carbon sources as 
glucose and acetic acid and an industrial waste from a sugar refinery (Gaudy, 
Goel, and Gaudy, 1968, 1969; Gaudy, Goel, and Freedman, 1969). In these 
experiments, the biomass regeneration operation was carried out in a batch or 
plug flow manner. In the pilot plant diagram (Fig. 10-20F), protein synthesis is 
carried out in one reactor and a second is used as a biomass hopper or dosing 
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Figure 10-20 (A) Process modification for the treatment of nitrogen-deficient wastes by activated 
sludge. (B) Laboratory scale pilot plant. (From Gaudy, et al., 1968.) 


tank from which the regenerated biomass is pumped continuously into the 
contact tank. A sample of the system performance obtained is shown in Fig. 
10-21. In this case, the carbon source was acetate at S, = 1000 mg/L. It was 
possible to run this system in a pseudo-steady condition and obtain rather 
good purification. This capacity for unbalanced synthesis may permit some 
savings in chemical costs when handling wastes that need addition of 
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Figure 10-21 Continuous oxidative assimilation of acetic acid in the feeding aerator with 
biological solids previously subjected to endogenous respiration in the presence of ammonia- 
nitrogen (COD/N = 70/1). (From Gaudy , et al., 1968.) 


nutrients before treatment; for example, a great variety of industrial wastes 
are deficient in nitrogen and phosphorus. The COD/N ratio of 70/1 used in the 
system shown in Fig. 10-21 is rather high compared with values usually 
considered to be ideal for “healthful” nitrogen content of the biomass (i.e., 
COD/N = 25/1 to 20/1), but the process achieved more than 90 percent 
removal of the substrate COD. 

The value of these results lies not so much in describing a new treatment 
process but in pointing out the importance of understanding the biochemical 
mechanisms that produce the observed kinetics. Much developmental work is 
required before the total separation of oxidative assimilation and replicative 
synthesis can be put into practice in the field. Also, individual wastewater 
characteristics and the conditions under which the wastes are produced will 
determine whether it is desirable to make such a separation in any specific 
case. The point to be emphasized is that when a treatment process is 
designed, certain physical constraints are placed on the system; e.g., t is fixed 
in relation to F. The operational strategies used when the plant is functioning 
create environmental conditions that affect the microorganisms responsible 
for purification. We have just seen that the general design and conditions of 
operation are such that contact stabilization plants are almost certain to make 
inefficient use of the nitrogen source. Changes in the design and operation of 
this process should improve performance, including changing 7 for the 
contact and regeneration reactors and adding at least some of the nitrogen 
supplementation (for wastes that require it) to the sludge in the regeneration 
tank rather than adding it all to the mixed liquor in the contact tank. 
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Growth under Nitrogen Limitation 

Neither the continuous oxidative assimilation process nor the contact stabil¬ 
ization process was considered in Chap. 6 because the kinetic model equa¬ 
tions discussed there refer to balanced replicative growth (carbon-limited), 
even though the growth is measured in mass rather than numbers of cells. 
Various types of kinetic models might be written to describe these special 
cases, but demonstration of their validity would require much experimental 
investigation. Also, it is yet to be determined whether the current kinetic 
models for balanced growth would more accurately describe events if they 
included terms for oxidative assimilation, especially in view of the fact that 
most processes for the biological treatment of organic wastes operate at 
rather low S,/X ratios. For municipal wastes, the growth-limiting factor is 
invariably the carbon source. When treating industrial wastes, it is necessary, 
if one wishes to use the same kinetic model, to add sufficient nitrogen and 
phosphorus so that they, rather than carbon, are present in nonlimiting 
concentrations. One can estimate the amounts of nitrogen and phosphorus 
needed in relation to carbon on the basis of either the average chemical 
composition of microorganisms or experimentation; that is, for a certain 
amount of carbon, how much nitrogen and phosphorus are needed, experi¬ 
mentally, in order to give good purification? If the BOD test is used as a 
measure of the amount of carbon source, a BOD/N ratio of approximately 20/1 
and a BOD/P ratio of 100/1 are usually recommended, although these values 
have been the subject of some controversy in past years. One may wonder how a 
system might behave under conditions in which carbon source was not the 
limiting nutrient. In the discussion that follows, the effect of the nitrogen source 
on the growth of the heterogeneous biomass is considered. 

We have seen that by using cell recycle and adding the nitrogen source 
only to the biomass rather than to the inflowing feed, we have made use of a 
totally unbalanced growth situation and were able to operate under steady 
state conditions in the contact aerator even though growth, as measured by 
cell replication, does not occur until the biomass has been separated from the 
reaction liquor. In Chap. 6, when dealing with the Monod relationship, it was 
stated that the term S really should stand for the concentration of any 
growth-limiting nutrient, although we invariably added the other major 
nutrients, nitrogen and phosphorus, in sufficient quantities to make carbon the 
limiting nutrient. With regard to nitrogen supplementation, for heterogeneous 
populations a ratio of substrate (COD) concentration to nitrogen concen¬ 
tration (with nitrogen added as ammonium ion) of 25/1 to 20/1 is needed to 
ensure that carbon is the nutrient that limits ^ in balanced growth. This has 
been shown in batch growth studies similar to those previously described for 
carbon source but with varying concentrations of nitrogen source (Goel and 
Gaudy, 1969a). As one would expect, the ax values one obtains are essen¬ 
tially the same as when carbon is the limiting nutrient, since one approaches 
the same nonlimiting case in either study. The K s values for ammonia- 



OXIDATIVE ASSIMILATION—EXTREME UNBALANCED “GROWTH” 463 


nitrogen are much smaller than those for carbon because less nitrogen is 
needed to produce a cell. Since the same ratio is obtained in such growth 
studies and in pilot plant studies to determine the best ratios of carbon source 
to nitrogen source for efficient wastewater treatment, we can have consider¬ 
able faith in the usefulness of this numerical factor. At this ratio or lower 
ones, we can be fairly confident of our assumption that carbon is the limiting 
nutrient. For most municipal wastes, the actual BOD/N ratio is much less 
than 20/1; there is more nitrogen source than there is carbon source to balance 
it. However, for most industrial wastes, the ratio is considerably greater than 
25/1, and nitrogen is traditionally added to the incoming waste in order to 
satisfy this ratio. 

At this point we may ask a question in regard to balanced growth: Is all of 
the nitrogen we add to balance the carbon source taken up by the cells, or by 
maintaining the 25/1 to 20/1 ratio, do we actually add some nitrogen in excess 
of that which can be utilized merely to ensure that carbon is the limiting 
nutrient? Does some of the nitrogen leak into the effluent? Perhaps balanced 
growth is not really needed, since we have already seen that we can remove 
substrate without the synthesis of nitrogenous components. Do we really need 
to provide enough nitrogen so that all of the cells can replicate or just those 
we wish to recycle to the activated sludge tank? The results shown in Fig. 
10-21 indicate that we certainly do not require so much nitrogen, since the 
COD/N ratio was 70/1. However, this was a special case in which we 
engineered the system for sequential assimilation and replication. What would 
happen if, for example, a once-through growth system similar to that which 
produced the results shown in Fig. 6-26 with excess nitrogen source 
(COD/N = 10/1) were operated under conditions where nitrogen rather than 
carbon was the limiting nutrient? The results of such an experiment shown in 
Fig. 10-22, in which nitrogen was added with the feed COD at a ratio of 70/1, 
indicate that at the dilution rate used (1/12 h -1 ) rather good COD removal 
could be achieved (86 percent). Also, it is apparent that a pseudo-steady state 
was achieved in X, S e , and the carbohydrate and protein concentrations in the 
biomass. To appreciate the difference between the steady states developed in 
the two systems, we must consider the biochemical compositions of the 
biomasses in the two reactors. In the system shown in Fig. 10-22, the average 
protein and carbohydrate contents were 12 and 46 percent, whereas under the 
balanced growth conditions of Fig. 6-26 they were, on the average, 50 and 29 
percent, respectively (these were not shown on the figure). Much of the higher 
carbohydrate content (shown in Fig. 10-22) was concluded to be in extracel¬ 
lular polysaccharide rather than in intracellular carbohydrate stores, because 
many of the cells in the biomass were heavily encapsulated. This was not the 
case for the cells of Fig. 6-26 or 10-21. The subsequent fate of the capsular 
material was not investigated in this particular study, but the biochemical fate 
of this type of polysaccharide will be discussed later. 

The point to be made here is that the soluble substrate was removed 
biochemically from solution, and part of it was converted to suspended solids 
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Figure 10-22 Steady state parameters in a once-through reactor during operation at D = 0.083 h 1 
and COD/N = 70/1. (From Gael and Gaudy. 1969b.) 


as a constituent of the biomass. However, when the system was run at higher 
dilution rates, increasing amounts of substrate leaked from the reactor. This 
would be expected as normal dilute-out behavior (see Figs. 6-25, 6-27, and 
6-28), but the dilute-out was more severe than that found in subsequent 
studies at a COD/N ratio of 40/1, and this latter dilute-out was more severe 
than that at a COD/N ratio of 25/1. There was little difference between the 
dilute-out behaviors of systems run at COD/N ratios of 25/1 and 10/1. Thus, 
the growth rate (/a = D = 1 It for once-through systems) has much to do with 
the effective utilization of the substrate whether carbon or nitrogen is the 
growth-limiting nutrient. One gets the impression that by running systems at 
low growth rates, the COD/N ratios can be significantly lower than 25/1 to 
20/1. In general, this is a fairly good assumption. Depending on engineering 
manipulation of /x [see Eqs. (6-72) and (6-75)], it may be possible to slow p to 
such an extent that nearly all of the nitrogen in the system can be recycled, or 
reused (see the discussion of total oxidation later in this chapter). The 
interrelatedness of the carbon and nitrogen content of the feed as well as the 
effect of the growth rate on the removal of soluble substrate can be seen in 
Fig. 10-23. The point plotted at the lower left-hand corner is the average 
effluent COD concentration for the results shown in Fig. 10-22. The other 
plotting points were obtained from similar experiments. At the 70/1 ratio, the 
rapid deterioration of effluent quality as p was increased is apparent, and the 
deterioration was attenuated at 40/1 and 25/1. Thus, slowing the growth rate 
exerts a sparing action on the amount of nitrogen supplementation required. 

Another aspect of practical metabolic significance is the effectiveness of 
utilization of the added nitrogen. The need to rid effluents of excess nitrogen 
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Figure 10-23 Relation between effluent COD and ammonia-nitrogen content in the feed at various 
dilution rates and COD/N feed ratios of 70/1,40/1, and 25/1. (From Coel and Gaudy, 1969b.) 


in reduced form, e.g., NH?, makes it important to consider the efficiency of 
biological processes in taking up nitrogen, and the cost of adding nitrogen to 
wastes that are deficient in this nutrient is an additional economic con¬ 
sideration. Figure 10-24 shows the effluent quality with respect to ammonia- 
nitrogen at the various specific growth rates and COD/N ratios used in the 
study. Comparing this figure with Fig. 10-23, it is seen that for any particular 
specific growth rate, whereas the effluent quality with respect to removal of 
the carbon source increases as COD/N decreases, the quality of effluent with 
respect to ammonia-nitrogen, and thus the efficiency of nitrogen uptake, 
decreases at lower COD/N ratios. Also, at the 25/1 ratio, effluent quality with 
respect to COD removal increases with decreasing ix, whereas the effluent 
quality with respect to removal of ammonia-nitrogen decreases as /x 
decreases. In designing the nutrient mix and selecting growth conditions for 
treatment, forward-looking functional design criteria should take into account 
and balance the removal efficiency of the carbon source against the efficiency 
of utilization of the supplemental nitrogen source. For systems with excess 
nitrogen source one can allow nitrification to proceed by providing for very 
low specific growth rates, thus exerting the biochemical oxygen demand of 
the ammonia in the aeration tank. According to Eq. (6-75), the growth rate 
may be lowered by manipulating a, X R , and D (i.e., 1 It). It is not always 
possible to lower the specific growth rate sufficiently by manipulating a and 
X R alone, however; an increase in t may be required to assure nitrification for 
a given waste flow F. This requires a larger reaction tank, which is a 
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Figure 10-24 Effect of nitrogen level on leakage of nitrogen into the effluent at various dilution 
rates. (From Goel and Gaudy , 1969b.) 


significant economic factor and one that should be considered in the design 
stage when the reactor volume is determined. For a waste originally deficient 
in nitrogen, it is entirely inappropriate to add excess ammonia-nitrogen and 
then increase the volume of the reactor to oxidize the excess. It seems far 
better to explore the possibility of altering the C/N ratio to achieve the best 
COD removal possible without leaking excessive amounts of the sup¬ 
plemental ammonia-nitrogen. 


STORAGE PRODUCTS 

In the process of oxidative assimilation, other intracellular storage products 
can be formed in addition to or instead of carbohydrates. For example, 
organisms can store lipids and the lipid-like polymer, poly-j3-hydroxybutyrate. 
Stores for med f ro m n oncarbonaceous co mpo un ds in the medium also can b e 
accumulated, for exa mple, the inorganic polyphosphate volutin, whi ch is o f 
prac tica l interest bec ause of~the~lieM~fb~Fem ove excess phosphate from 
wastewater streams. Carbohydrates are stored in macromolecules, usually in 
glycogen-like polysaccharides. The term glycogen-like is used because these 
compounds exhibit the a,l ->4 glycosyl linkage and the a, 1 -»6 branching links 
typical of glycogen, but the size of the molecules and the degree of branching 
vary for different organisms. Both poly-j8-hydroxybutyrate and polyphos- 
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phate are also macromolecules, while the lipid stores cannot be so classified. 
The ability to form storage products is typical of many organisms, both 
procaryotic and eucaryotic, which is undoubtedly why it is so readily demon¬ 
strated in heterogeneous populations on a wide variety of substrates. Also 
storage is not unique to heterotrophs; it is found in autotrophs as well. 

The synthesis of glycogen occurs readily with any compound that can be 
converted to glucose 6-phosphate or glucose 1-phosphate. Figure 10-25 shows 
the general pathway of synthesis and breakdown of glycogen, which is 
probably the most widely used storage product among bacteria. In general, 
glycogen is synthesized and used by procaryotic and eucaryotic organisms in 
the same manner, but with uridine triphosphate (UTP) rather than ATP 
providing the energy for synthesis in the latter group of organisms. The 
energy is partially retained in the form of phosphorylated glucose (glucose 
1-phosphate) when the organism draws upon the glycogen store for energy or 
for carbon skeletons for the synthesis of other compounds (see Chap. 9). Both 
fatty acids, used in the synthesis of various types of lipids, and /3-hydroxy- 
butyric acid, used in the synthesis of the storage polymer poly-0 -hydroxy- 
butyrate (PHB), are synthesized from acetyl-CoA. 

While carbohydrate stores may be synthesized and drawn upon during 
growth, it does not appear that the intracellular store of PHB is drawn upon 
until all or nearly all exogenous carbon has been removed from the medium. 
Thus, in cells that may be able to synthesize both glycogen and poly-0 - 
hydroxybutyrate, the PHB, like fats in mammals, may be looked upon as a 
longer term storage than glycogen. When the PHB store is catabolized, the 
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Figure 10-25 Synthesis and degradation of glycogen. 
(Adapted from Dawes and Senior, 1973.) 
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Figure 10-26 Synthesis and degradation of poly-/3-hydroxybutyrate. 


initial hydrolysis product is /3 -hydroxybutyric acid. This is oxidized, using 
NAD as the electron carrier, to acetoacetate, which can be converted to two 
molecules of acetyl-CoA and enter the TCA cycle. Figure 10-26 shows the 
synthesis and degradation of poly-/3-hydroxybutyrate. 

'"^Polyphosphate is another storage product found in both procaryotes and 
eucaryotes. Purifying wastewaters of excess phosphorus, whether by physical 
or biological means, is of vital concern in the regulation of the life-support 
system. The fact that calcium phosphate is insoluble is the basis for treatment 
of wastewaters with lime, which provides perhaps the surest way of removing 
phosphorus. The fact that much of the earth’s phosphorus exists as calcium 
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phosphate accounts for the generally low phosphorus concentration in the 
aqueous environment. Organisms that can synthesize a readily available 
phosphorus storage product may thus have some competitive advantage. A 
rather wide variety of organisms can store large quantities of phosphorus, and 
they play a useful role in recycling this vital element, which does not enjoy 
the complete recycle mechanism available to carbon, hydrogen, oxygen, and 
sulfur (see Chap. 1). The ability to take up phosphorus in excess.of that 
normally found in the nucleic acid, nucleotide, and phospholipid complement 
of the cells also offers a possibility for biological treatment and removal of 
phosphorus, although efforts to harness and control this phenomenon in 
biological treatment processes have not been generally successful. 

Polyphosphates occur in intracellular volutin granules, which stain 
metachromatically. For example, the basic dye toluidine blue turns red-violet 
in combination with polyphosphates. Polyphosphates may occur as a linear 
chain varying from only a few units to thousands of units long or as cyclic 
condensed phosphates (see Fig. 10-27A and B). Not all polyphosphates are 
simple phosphate anhydride polymers; in some organisms (e.g., the green alga 
Chlorella), imidophosphate bonding as well as phosphate anhydride bonds 
probably exist in the polymer. Also, volutin granules can contain RNA, 
protein, lipid, and magnesium in addition to polyphosphate. 

Study has shown that rapid growth does not promote polyphosphate 
accumulation; to the contrary, an increase in polyphosphate content ac¬ 
companies a decline in the growth rate due to exhaustion of some essential 
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Figure 10-27 Structural configurations of some polyphosphates. 
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metabolite. Sulfate starvation is particularly effective in enhancing polyphos¬ 
phate accumulation in media containing a high phosphate concentration. In 
media containing fairly low phosphate concentrations, any nutritional 
deficiency that prevents nucleic acid synthesis can lead to volutin ac¬ 
cumulation. Holding cells for a time under phosphate starvation followed by 
exposure to phosphate can also lead to very great accumulation of polyphos¬ 
phate, e.g., the so-called polyphosphate over-plus, which may account for 
much of the “luxury uptake” observed at times in the activated sludge 
process. 

Polyphosphate can serve as a source of phosphorus for the synthesis of 
phospholipids and nucleic acids. Indeed, this appears to be the major role of 
the polyphosphate store, even though there is a high-energy phosphate 
transfer potential in the linear anhydride bonds. It appears that the breakdown 
of polyphosphate is in most cases hydrolytic; that is, it leads to phosphoric 
acid (Pi). The hydrolysis does not conserve the polyphosphate group transfer 
potential as it would, for example, if the polyphosphate could be active in the 
phosphorylation of an organic metabolic intermediate or of ADP. 

Polyphosphates can be synthesized by the transfer of Pi from ATP by the 
enzyme polyphosphate kinase [Eq. (10-12)]. 

(Pi)„ + ATP (Pi)„+i + ADP (10-12) 

Also, phosphate in 1,3-diphosphoglycerate may be transferred to polyphos¬ 
phate in some organisms [Eq. (10-13)]. 
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H 2 COP0 2 H, 

1,3-diphospho- 
glyceric acid 


(Pi). 


CH3H 

I 

HCOH 

H 2 COPO,H 2 


3-phospho- 
glyceric acid 


(Pi)n + i 
(10-13) 


The degradation of the polymer could be effected by a reversal of 
reaction (10-12), but it is more generally accomplished by hydrolysis of the 
polyphosphate by the action of polyphosphatase [Eq. (10-14)]. 

(Pi)„ + H 2 0 -»(Pi)n-i + H 3 PO 4 (10-14) 

In some microorganisms the polymer may be broken down by transfer of 
a phosphate to AMP, forming ADP, and phosphate can be transferred from 
polyphosphate to carbon-6 of glucose. Both of these reactions conserve the 
energy used in polyphosphate synthesis, but they do not appear to have 
widespread occurrence. 

Based on work with Aerobacter ( Enterobacter ) aerogenes, reactions (10- 
12) and (10-14) appear to provide a cyclic scheme for synthesis and degrada¬ 
tion (see Fig. 10-28). When cells are growing rapidly, nucleic acid synthesis 
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Figure 10-28 Polyphosphate cycle in Aerobacteraerogenes. (Adapted from Dawes and Senior, 1973.) 


competes for the available ATP and polyphosphate is not made; the inorganic 
phosphate fed to the cycle is channeled to form nucleic acid. Also, any 
polyphosphate previously stored may be drawn upon and there is no 
significant accumulation of polyphosphate. However, upon cessation of 
growth or inhibition of nucleic acid synthesis, this competition for ATP is no 
longer exerted and polyphosphate synthesis occurs. One would expect that 
conditions for oxidative assimilation, i.e., prevention of nucleic acid syn¬ 
thesis, should encourage polyphosphate synthesis in organisms capable of this 
synthesis. If the cells had been previously subjected to phosphate starvation, 
which fosters elevated levels of polyphosphate kinase, rapid synthesis of 
large amounts of polyphosphates might ensue when the cells are in contact 
with a medium that is high in inorganic phosphate. Thus large amounts of 
phosphorus might be removed and stored along with the carbon source. 

Although volutin production has been demonstrated in many species, its 
occurrence is much less widespread than is storage of organic carbon. Thus 
luxury uptake of phosphorus as a treatment process is dependent on the 
maintenance in the biomass of sufficient numbers of cells that can produce 
volutin. Shifts in species predominance, in predator ratios, and in other 
conditions could cause the ability to fluctuate or to appear and disappear. 
Such ecological events may account for some inconsistencies in the results of 
work with luxury uptake by activated sludge. 

The most certain method for the removal of phosphorus is by chemical 
precipitation, and in fact chemical removal can occur in activated sludge 
processes, along with biological removal, depending on the concentration of 
calcium, aluminum, or iron that is in the carriage water or added to the 
reactor. However, the biological removal of phosphorus deserves even more 
study than it has already received. The combining of chemical and biological 
treatment for phosphorus removal has certain advantages, but more study is 
needed to assure that the chemical additives do not hamper the desirable 
biological responses to changes in environmental conditions. The develop- 
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ment of a chemical sludge carries with it the usual overriding disadvantage of 
chemical treatment, the formation of voluminous sludges that usually are 
dewatered with difficulty. 


ENDOGENOUS RESPIRATION AND AUTODIGESTION 

In the growing systems of Figs. 10-15, 10-16, and 10-17, the period of growth 
and substrate removal was quite short compared with the endogenous period. 
While there is decided interest in growth, the endogenous phase of metabol¬ 
ism is of equal importance, since the growth period accounts only for removal 
of the carbon and energy source from the liquid; it amounts to only 40 to 60 
percent of the overall aerobic decay of the organic matter. It is seen from the 
figures that as the endogenous phase progresses, an increasing portion of the 
carbon source that was incorporated into new cells during the growth phase is 
metabolized (endogenated) to carbon dioxide and water. It is also quite 
apparent that aerobic decay of the organic matter that was synthesized takes 
place much more slowly than did its synthesis. These are batch systems; in 
Chap. 6 it was allowed that in a continuous culture system, growth and 
endogenous metabolism (decay) could occur concurrently as well as in 
tandem. In a batch system, the endogenous phase is an operational descrip¬ 
tion of the condition in which measurable soluble substrate is absent, whereas 
it must be considered as a conceptual principle in a continuous culture 
system. 

The Maintenance Constant 

To include the endogenous decay of the biomass in the kinetic description of 
the overall metabolic process, the decay constant was introduced and this 
“constant” was related to the theory of maintenance energy by interchange¬ 
ably referring to k d as the maintenance constant or the endogenous constant. 

Maintenance, endogenous metabolism, and starvation are terms that help 
to describe the last stages of the return of organic to inorganic matter. One 
can relate these terms by envisioning an overweight individual, i.e., one who 
has stored a carbon and energy source such as a layer of fat. If only enough 
carbon is fed to maintain the body weight, no weight is gained or lost. If less 
is fed, some of the fat is “endogenously” oxidized to carbon dioxide and 
water, and if extremely little carbon is fed, the fat stores are depleted and the 
specimen may eventually die of “starvation.” If a lean individual with no 
excess carbon store is fed less than a maintenance diet, the required energy 
for maintenance must be provided from endogenous sources, and functional, 
but not absolutely necessary, complements of body substances are depleted. 
The ill effects of starvation may thus begin sooner in the individual with little 
storage reserve. It is possible that the portion of carbon that must be oxidized 
for maintenance purposes may decrease as starvation proceeds, but main- 
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tenance plots for microorganisms in continuous culture reactors, such as 
those in Fig. 6-38, usually exhibit a constant slope when tested over a fairly 
large range of specific growth rates. Thus, there is some indication that k d can 
be represented as a constant for continuous culture systems under stated 
operational or environmental conditions. 

The description of endogenous metabolism in microbial populations is not 
so simple and straightforward as stated in this analogy. In any population, 
even one consisting of a single species, there are always individuals that are 
less able than others to withstand starvation conditions. These die first and 
become a source of carbon for the remaining live cells, which not only may be 
able to survive but also may replicate. This phenomenon is sometimes 
referred to as cryptic growth. Some cells undergo autolysis very shortly after 
exhaustion of the exogenous carbon source. On the other hand, some cells 
approach a resting stage, in which the metabolic processes are very much 
curtailed, and this may aid that particular species or strain to survive the 
starvation conditions. In heterogeneous populations, some species may exist 
in starvation conditions by actively attacking other species, i.e., predation 
may occur. In addition, there is the natural prey-predator food chain, e.g., 
bacterial-protozoan, resulting in utilization of previously synthesized micro¬ 
organisms in the biomass. Thus, many metabolic and ecological phenomena 
that are in no way related to an organism’s use of its own carbon compounds 
can occur in the so-called endogenous phase, as defined in a batch system. In 
heterogeneous populations, this phase may more appropriately be termed 
autodigestion. Furthermore, an endogenous or autodigestive phase in a batch 
system should be spoken of as a separate phase of the growth cycle only 
when the system no longer contains exogenous carbon source. Autodigestion 
in a heterogeneous population in a continuous flow system is a natural 
phenomenon that occurs concurrently with growth, and when the growth rate 
is slow enough its effect is measured in significantly lower net synthesis, i.e., 
lower observed yield of biomass. That is, more of the incoming substrate S, is 
respired to carbon dioxide and water. Until the excess sludge from waste- 
water treatment plants becomes a useful resource rather than a waste 
product, the aim of both design and operation is to foster as much of this 
“biological incineration” as possible, i.e., to enhance the aerobic decay leg of 
the carbon-oxygen cycle. Thus, the control of autodigestion has as much 
practical significance as does the control of microbial growth and substrate 
removal. 

There is considerable variation in the values of k d reported in the 
literature (see Tables 10-3 and 10-4). Values for pure cultures are higher than 
those for heterogeneous microbial populations in spite of the fact that with 
pure cultures, predation cannot lower the observed cell yield. Part of the 
difference may lie in the analytical methodologies used or in the ash contents 
of the biomass. In both heterogeneous populations and pure cultures, values 
of k d are higher at higher temperatures. 

It should be emphasized that the maintenance concept is just that—a 
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concept! It is reasonable to expect such a phenomenon to exist, but there is 
little proof for the mechanism beyond the fact that one obtains numerical 
values from plots of Eqs. (6-50) and (6-54) that allow more accurate prediction 
of the observed yield Y 0 than is obtained when k d is not included in the 
calculations. 

When the maintenance effect is stated in the form of Eq. (6-48), the 
familiar rectangular hyperbola brings to mind questions similar to some of 
those asked about the Monod equation (Gaudy, Obayashi, and Gaudy, 1971; 


Table 10-3 Values of decay constants for heterogeneous microbial populations 


Substrate 

Analysis 

kd , 

day' 1 

Y, 

Temp, 

°C 

Reference 

Municipal sewage 

BOD, 

0.025 

0.70 

13.2 

Keyes and Asano 
(1975) 

Municipal sewage 

BOD, 

0.055 

0.50 

19-22 

Heukelekian et al. 
(1951) 

Municipal sewage 

BOD, 

0.048 

0.67 

20-21 

Middlebrooks and 
Garland (1968) 

Municipal sewage 

BOD, 

0.098 

0.37 

— 

Fisher and Baker 
(1976) 

Municipal sewage 

COD 

0.07 

0.67 

17-20 

Benedek and Horvath 
(1967) 

Synthetic waste 

BOD, 

0.18 

0.65 

— 

McCarty and 
Brodersen (1962) 

Skim milk 

BOD, 

0.045 

0.48 

— 

Gram (1956) 

Synthetic waste 

COD 

0.14 

0.59 

22-24 

Srinivasaraghavan 
and Gaudy (1975) 

Pepsi Cola waste 

COD 

0.14 

0.76 

24-30 

Bonotan-Dura and 
Yang (1976) 

Synthetic waste 

COD 

0.48 

0.34 

57.5-58.5 

Surucu et al. (1975) 


Table 10-4 Values of decay constants for three species of microorganisms 


Organism 

Substrate 

kdy 

day' 1 

Y, 

Temp, 

°C 

Reference 

A. aerogenes 

Glycerol 

1 .00* 

0.55 

_ 

Pirt (1965) 

A. aerogenes 

Glycerol 

1.64 

0.55 

40 

Postgate and Hunter (1962) 

A. aerogenes 

Glucose 

1.46 

0.47 

25 

Topiwala and Sinclair (1971) 

A. aerogenes 

Glucose 

1.92 

0.46 

30 

Topiwala and Sinclair (1971) 

A. aerogenes 

Glucose 

2.40 

0.45 

35 

Topiwala and Sinclair (1971) 

A. aerogenes 

Glucose 

2.88 

0.49 

40 

Topiwala and Sinclair (1971) 

A. cloacae 

Glucose 

0.99* 

0.44 

37 

Pirt (1965) 

C. utilis 

Glycerol 

0.24 

0.55 

35 

Sinclair and Ryder (1975) 


*The k d value was calculated from the “specific maintenance” using m = k d IY,. 
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Gaudy, Yang, Bustamante, and Gaudy, 1973). For example, if one changes the 
specific growth rate ja n , the observed cell yield Y„ should change. Judging 
from recent experiments in our own laboratories, there may be an inertial 
effect or kinetic lag, similar to the one in when S changes, before Y 0 re¬ 
sponds to a change in ix„ (Gaudy and Srinivasaraghavan, 1974a). It is interesting 
that in continuous growth studies with heterogeneous microbial populations, 
when the growth rate for a slowly growing system with relatively low Y a was 
increased, the value of Y a did not increase but remained at the same 
numerical value as for the lower growth rate. This was true whether the 
growth rate was increased in the continuous flow reactor or cells were 
transferred to a batch reactor and grown at or near q. max , which would be 
expected to give yields close to the maximum Y,. After approximately a week 
in the continuous flow reactor at the faster growth rate, the observed cell 
yield increased. Thus, one could say that there was a considerable inertia or 
lag with respect to the change in cell yield with the change in ju.„. It is possible 
that during this time there was a selection of cells with a higher true cell yield 
Y,. Subsequent experiments with a pure culture system have provided some 
indication that a low specific growth rate in continuous culture systems may 
exert a pressure for selection of a mutant strain with a lower true yield and 
lower /i. max than the wild-type organism (C. W. Jones, A. F. Gaudy Jr., and E. 
T. Gaudy, unpublished data). Thus, the lowering of Y 0 under slow growth 
conditions may involve genetic and therefore ecological alterations in the 
population as well as, or instead of, temporary changes in response to 
environmental conditions. Much more information is needed regarding cell 
maintenance if we are to understand its effect on growth and decay in the 
biosphere and in engineered processes. It often occurs in the practice of 
engineering sciences that concepts are usefully applied long before they are 
totally understood. New understanding serves sometimes to temper and 
sometimes to extend the use of a concept. In either case, the further 
knowledge enhances engineering judgment, which is so important in applied 
use of the concept. 

According to the recommended kinetic model in Eqs. (6-45), (6-75), and 
(6-85), one could slow the specific growth rate q. to the value of kj, thus 
making \x n approach 0, and there would be no net synthesis. There would be 
no excess or waste sludge X M , and the system (at least according to the equa¬ 
tions) would achieve total oxidation of the originally fed carbon source S, or 
ACOD. We may ask: What are the conceptual and experimental ramifications 
of this manipulation of the equations? Also, we might ask: Does the kd value 
inserted into the growth model also hold for the case in which the biomass is 
simply aerated and not fed any soluble substrate? Or, would the same kd 
value apply if the biomass were fed only more biomass, as is the case in the 
unit process of aerobic digestion of excess sludge? 

The extended aeration activated sludge process and the process of aero¬ 
bic digestion of excess sludge are the two major practical uses of the 
autodigestive phase in wastewater treatment schemes. How far toward com- 
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pletion of autodigestion can the system proceed? What role does autodiges¬ 
tion play in assessing the biochemical oxygen demand (BOD) of a sample of 
wastewater? These aspects are considered below. 

Total Oxidation—Concurrent Growth and Autodigestion 

If one assumes steady state conditions as is done in the kinetic models, /x can 
be balanced against k d , and the resulting equations describe a state of total 
oxidation. Nearly three decades ago, long before the kinetic model for 
activated sludge recommended here was developed, Porges and his coworkers 
(1953) concluded that such a balanced condition might be attainable and that a 
system could be operated by returning all sludge to the aeration tank; that is, 
a system could be operated without wasting any sludge. It was surmised that 
longer detention times should be used than for the regular activated sludge 
processes, and this particular modification became known as “extended 
aeration” activated sludge. In Fig. 10-29, the heavy lines show the elements 
and flow scheme of an extended aeration plant. The conventional plant 
includes all the elements shown. 

The idea of total oxidation of S, (ACOD) was controversial, and it 
encouraged other researchers to study the proposed process. Out of this 
research, three general conceptual conclusions were reached. The first was 
that microbial cells synthesized some components that were not available 
substrates, e.g., extracellular polysaccharides (Symons and McKinney, 1958). 
This material would build up in the system, thus comprising an ever-increas- 



Figure 10-29 Comparison of extended aeration (heavy lines) and conventional activated sludge 
processes. (From Gaudy , Ramanathan, Yang, and DeGeare, 1970.) 
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ing, metabolically inactive fraction and leading to eventual failure of the 
process. The second conclusion was that the process would not reach a 
steady state (wherein /a = k d )\ that is, X would continually increase. If no 
sludge was wasted, suspended solids eventually would leave the system 
(Busch and Myrick, 1960). The third general conclusion was that in order to 
maintain the viability of the process, 10 to 20 percent of the sludge should be 
wasted (e.g., see Kountz and Forney, 1959). This amount became accepted as 
a residual, inactive fraction. During this time, because of the tremendous 
appeal of the process especially for small installations, the idea was “pack¬ 
aged” by various equipment manufacturers and many prefabricated plants 
were put on-line. Also, many built-in-place extended aeration treatment plants 
were installed. Usually, there was a provision for a small amount of sludge 
wasting in the form of draining and drying beds. Also, it became general 
practice to omit the primary treatment, i.e., sedimentation of settleable solids. 
This was necessary because there was no provision for the disposal of excess 
organic matter other than the biological incineration of the oxidizable portion 
of the cells. Thus the process, as installed in the field, was required not only 
to digest the cells that had been synthesized by growth on the waste, but also 
to digest essentially all organic matter and remove from solution the inorganic 
matter coming through the sewer. The digestion of such material as cellulose, 
lignin, and coffee grounds is, of course, entirely different from aerobic 
autodigestion of the components of microbial cells. Thus, the field in¬ 
stallations were a very severe test of the process but not a good test of the 
concept. When sludge was found to build up in some of these installations, it 
was considered a verification of the conceptual conclusions of the research¬ 
ers. On the other hand, at some extended aeration plants there was no 
excess buildup of biomass and no excessive carry-over of solids in the 
clarifier effluent. While the process remained the center of considerable 
controversy, the number of installations increased and is still increasing. The 
concept is also used for the treatment of some industrial wastes in reaction 
basins with rather long detention times of 10 to 20 days—i.e., aerobic lagoons. 

Not all experimental observations on the extended aeration process led to 
negative conclusions in regard to the acceptability of the concept of total 
oxidation. Some experimenters reported a decrease in biomass concentration 
in a laboratory pilot plant in which all the settleable solids were returned to 
the aerator. Since the decrease in aeration solids had occurred during a period 
when sludge settleability was good, the decrease in solids concentration could 
not be attributed to their inadvertent escape in the clarifier overflow. It was 
reasoned that some cells in the sludge could have undergone lysis, and the 
released organic material could have been taken up by the remaining living 
cells (Washington, Hetling, and Rao, 1965). From these experimental obser¬ 
vations one could not draw definite conclusions about the validity of the total 
oxidation concept. But the results did indicate that the biomass concentration 
in an extended aeration process would not necessarily continually rise as had 
been concluded from earlier results. Other results also indicated the pos- 
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sibility of attainment of total oxidation. For example, in the batch growth 
system shown in Fig. 10-16/4, the biomass concentration essentially returned 
to the value of X 0 . This is a rather clear demonstration of net total oxidation 
of biomass synthesized in the substrate removal phase. In other work in our 
laboratories, we have noted this phenomenon on a number of occasions when 
we extended the length of batch experiments. Biomass concentration did not 
always return to the value of X 0 , but it happened with sufficient frequency to 
indicate that the total oxidation concept was possibly not so microbiologically 
unsound as had been previously suspected. 

The negative conclusions in regard to the concept of total oxidation arose 
due to some good engineering studies indicating that there were problems 
with the process when all suspended solids were returned to the aeration tank. 
The general operational experience was that, more often than not, the 
biomass concentration built up to such high concentrations that the sludge 
would not settle in the clarifier. The finding that aerobic digestion did not 
always exceed or balance biomass accumulation due to growth was cause for 
engineering caution in regard to the feasibility of the process, but this was 
extrapolated to conceptual conclusions about the validity of the concept. This 
was unfortunate, but it is not uncommon when applied research precedes 
basic research information. The cliche “necessity is the mother of invention” 
is a time-honored truism that describes many engineering endeavors and has 
provided the justification for many basic research investigations as follow-up 
to experimental observations. Since there were alternatives to a process 
embodying the concept of total oxidation, there was no necessity to examine 
it further, and failures of the process that may have been a matter of the rate 
or frequency of occurrence of a phenomenon were generally accepted as 
proof that the phenomenon does not occur at all. The point to be emphasized 
is that if a problem is a matter of rate or frequency, engineering can perhaps 
do something about it, but if a particular result is physically, biologically, or 
chemically impossible, no amount of innovative engineering can make the 
process work—at any rate! When weighing conflicting reports from field 
installations and results that indicated the concept might have some validity, 
the only reasonable course of action would seem to be further investigation.* 

In the 1960s, it was decided to direct some of the investigational efforts in 
our own laboratories to a study of the extended aeration process. The aim 
was first to examine the validity of the concept of total oxidation by seeking 
answers to several questions. Could a soluble substrate be removed biologic¬ 
ally due to growth of the biomass, and could that biomass be autodigested to 
carbon dioxide and water? If one retained all the cells in the system, would 
the biomass continue to increase, and would a biologically inert fraction 

*It is not usual practice to include such description of the reason for seeking information, but 
our personal involvement in research into the microbial aspects of environmental control coupled 
with the fact that control of the life-support system is emerging as a new professional discipline 
and is in need of much investigational activity made it desirable to illustrate the lines of reasoning 
and rationale that go into the decision-making process before embarking on an investigation. 
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accumulate until the substrate removal capability was lost or seriously im¬ 
paired? If total oxidation was impossible, how long could the process operate 
before it loses its substrate removal capacity? The latter was an important 
engineering consideration because the process might be usable for a 
sufficiently long period to warrant its installation even if planned periodic 
shutdowns for removal of inert sludge were necessary. The removal of an 
inert sludge would not pose so difficult a disposal problem as would the 
removal of a putrescible sludge. Most of the questions listed are engineering 
questions. The basic research questions are related to the engineering ques¬ 
tions, but these demand investigation into why a particular result occurs, and 
these were bridges to be crossed after observing the results. In short, the 
study was designed, like most research in this field, to accomplish two aims: 
applied and basic. There are those who feel these aims are incompatible (for a 
discussion of this, see Gaudy, 1971). Following such investigations, there may 
be follow-up developmental research designed to answer the question of how 
to bring the results to practical fruition. 

A laboratory pilot plant was operated and, in order to be certain that no 
suspended biological solids exited the system, all effluent was centrifuged and 
the solids were returned to the aeration chamber. The experimental pilot plant 
is shown in Fig. 10-30. For experimental convenience, separate aeration and 
clarification tanks were not used, but aeration and settling compartments were 
separated by a movable baffle as is common practice in wastewater treat- 
ability studies. The return sludge was drawn back into the aeration chamber 
by circulating currents in the aeration chamber. In field installations, this is 
not a good way to return sludge from the clarifier to the aeration chamber 
because one has little or no control over the mass rate of return, but in 


Feed 



Supernatant 
solids recycled 
to aerator 


Figure 10-30 Continuous flow extended aeration pilot plant. (From Gaudy, Ramanathan, Yang, 
and DeGeare, 1970.) 
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laboratory treatability studies the method suffices because one can control the 
mass rate of biomass wastage (thus /*„) by momentarily removing the baffle 
after stopping the effluent line and wasting mixed liquor. In a study of the 
extended aeration process, no sludge is wasted. The supernatant holding tank 
served as a “backstop” for any solids in the clarifier supernatant; the 
centrifuge was used to capture these solids for return to the aeration tank. 
The aim was to run the process under close operational scrutiny on a soluble 
feed (glucose and minimal salts with NHJ as a nitrogen source) and observe 
its performance in regard to the questions listed above. The aim was to run 
the process until it became metabolically inactive, if this occurred. 

It became apparent during the first year of the experiment that the 
biomass concentration was not at a steady state. There were periods when it 
remained fairly steady, periods when suspended solids accumulated, and 
periods when the biomass concentration decreased rather sharply. One such 
period is seen in Fig. 10-31; between days 285 and 307, the biomass concen¬ 
tration dropped from 8000 to 2000 mg/L. Even during this period, the soluble 
substrate S e in the effluent was fairly low, and in general S e did attain a 
pseudo-steady state. No biomass (except approximately 0.2 percent removed 
for analysis) escaped the system, and a reasonable surmise as to the cause of 
the observed results was that the periods of solids decline were times when 
the ecological condition of the population was such that many species became 
substrate for other microorganisms; i.e., autodigestion exceeded growth. 
There were times when the biomass concentration rose to very high levels, 
and high X e values appeared in the effluent. For example, the period shown in 
Fig. 10-32 during the third year of operation is one in which considerable 



12/10/67 Time, days 3/19/68 

Figure 10-31 Performance of a total cell recycle activated sludge pilot plant during a period of 
accelerated autodigestion. S f = 500 mg/L of glucose. Note decrease in biomass concentration 
with no increase in soluble COD in the reactor. (From Gaudy, Ramanathan, Yang, and DeGeare, 
1970.) 
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Figure 10-32 Performance of a total cell recycle activated sludge pilot plant during a period of 
high biomass solids concentration in the effluent. S/ = 500 mg/L of glucose. Note the high 
biomass concentration in the aeration tank. ( From Gaudy, Yang, and Obayashi, 1971.) 


biomass would have escaped to the effluent had it not been captured in the 
holding tank, centrifuged, and put back into the aeration chamber. After 1000 
days of operation, the substrate removal ability of this sludge remained rather 
good (Si = 530 mg/L of glucose COD and S e = 50 mg/L). It is also significant 
that the protein and carbohydrate contents of the biomass were consistent (60 
and 20 percent, respectively) with those of a normal healthy biomass. There 
was no buildup of extracellular polysaccharide. The speed with which this 
very “old” sludge was able to purify the feed is demonstrated in Fig. 10-33. 
These data were obtained by shutting down the feed pump and adding stock 
feed as a batch slug dose of 500 mg/L of glucose. Subsequent sampling and 
analysis for suspended solids and filtrate COD generated the results shown. 



Figure 10-33 COD removal capability of 
total recycle activated sludge after 987 
days of operation. ( From Gaudy, Yang, 
and Obayashi, 1971.) 
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The 987-day-old biomass removed soluble organic matter very rapidly (within 
a contact time characteristic of the high solids-biosorption process). 

The results of these long-term experiments necessitate a conclusion that 
the concept of the total oxidation of biomass synthesized during growth on an 
exogenous carbon source is indeed valid, albeit difficult to effectuate by 
current engineering practice. It should be noted that the effluent between days 
900 and 1000 was by no means within acceptable limits for suspended solids; 
that is, some add-on such as sand filtration would be needed for those times 
when the effluent was turbid. Chemical flocculants or flocculant aids might be 
added to help incorporate the dispersed suspended solids into the floe. 

The finding that the carbohydrate content of the biomass did not build up 
is rather interesting. Did it mean that during the 3-year period not much 
extracellular polysaccharide was produced, or that it was produced and 
subsequently used as a carbon source, i.e., aerobically digested? Since it is 
generally found that cells that produce extracellular polysaccharide slimes do 
not use them as a source of carbon and energy, it is apparent that if they are 
to be metabolized, other cells in the biomass must degrade them. When each 
of the extracellular slimes from five capsule-producing organisms was fed as a 
sole source of carbon and energy to a small inoculum of sewage, each was 
used as a substrate for growth after a period of acclimation of 2 to 10 days. 
Figure 10-34 shows the course of growth and substrate removal in one such 
experiment using the extracellular polysaccharide of Z. ramigera. Extracel- 



Figure 10-34 Growth of a hetero¬ 
geneous microbial population on the 
extracellular polysaccharide of 
Zoogloea ramigera. (From Obayashi 
and Gaudy, 1973.) 
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lular capsular material is not biologically inert, and it is relatively easy to 
develop populations of sewage origin that can readily metabolize this 
material. 

The pilot plant studies as well as the studies on polysaccharide metabol¬ 
ism provide convincing evidence that the concept of total oxidation is not 
unsound, and they encourage further fundamental research on the degrada¬ 
tion and metabolism of other cellular components as well as further engineer¬ 
ing studies on ways to control and enhance their metabolism. How does one 
control the composition of the population so that it includes species that can 
metabolize the living or dead organic matter of other cells? This vital question 
is presently unanswered and may be unanswerable for many years. Indeed, 
answers to such questions lie at the heart of our understanding of the decay 
leg of the carbon-oxygen cycle. One way in which aerobic decay of cellular 
components is enhanced is to make these materials the sole or major source 
of carbon and energy in a biological reactor. This is done in the extended 
aeration process by recycling all the sludge from the clarifier, thus letting 
approach 0. If the reactor is being fed a waste with an S : of 300 mg/L, i.e., 
equivalent to a moderately strong municipal sewage, and the mixed liquor 
solids concentration in the aerator is, for example, 6000 mg/L, the major 
source of nourishment for the living cells in the biomass is the biomass itself, 
not the incoming carbon source, and enzymes for attacking complicated 
macromolecules are produced more easily than when there is an abundance of 
more readily metabolized carbon sources (see Chap. 12). 

Control of solids level in extended aeration—the “hydrolytic assist” Although 
the recycle of all biomass encourages its use as substrate, the extended 
aeration process does not often attain a steady state solids level. It is possible 
that k d changes from time to time; it may be low when the biomass is 
accumulating and high during a period of solids decline. The subsidence of the 
biomass floe is dependent on its concentration, and during times when the 
concentration X builds to high levels, subsidence may be so hampered that 
biomass is lost in the effluent. It is not known what ecological events trigger 
the onset of a period of accelerated autodigestion that could relieve the high 
biomass concentration. However, one of the first events must involve the 
attack by microbes of the macromolecular structural components of other 
cells. Hydrolysis of organic molecules by chemical agents is a relatively mild 
chemical reaction (compared, for example, with oxidation), but biochemically 
it is rather difficult to perform. Cells that possess the genetic capability for 
making the required enzymes may not always be present in the population. 
Thus, there may be little possibility of predicting or regulating the natural 
autodigestive process. However, one can envision synthetic or engineering 
control of the biomass concentration by combining elements of chemical and 
biological attack on the biomass in excess of the concentration one wishes to 
maintain in the system. For example, one may break open some cells by 
ultrasonication of a portion of the returned sludge. This would release some 
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biological components to become substrates for the nonsonicated, intact 
portion of the sludge. Such treatment will not degrade most macromolecules, 
but chemical hydrolysis of a portion of the return sludge might effect more 
complete degradation. 

Early attempts showed that acid hydrolysis (pH approximately 1.0, 5 h of 
autoclaving at 121°C, 15 psig) dissolved most of the cell constituents (Gaudy, 
Yang, and Obayashi, 1971). Filaments disappeared and only small amounts of 
organic matter measured as COD volatilized during the autoclaving process. 
Upon neutralization, the hydrolysate was an excellent carbon and energy 
source for heterogeneous microbial populations. Other conditions of 
hydrolysis might also suffice, depending on the nature of the substrates and 
sludges and the degree of hydrolysis required to control the biological solids 
concentration, e.g., alkaline hydrolysis and both milder and more severe 
conditions of hydrolysis than those mentioned above. 

A chemically assisted extended aeration process such as that shown in 
Fig. 10-35 could permit some engineering control of the autodigestive process 
and of the concentration of biomass X in the reactor. One could choose to 
run the hydrolysis unit on a semicontinuous basis, thus attempting to keep k d 
more or less constant and letting the system approach a pseudo-steady state 
in X. On the other hand, the hydrolytic assist could be used periodically, such 
as only when X is too high to permit good subsidence in the clarifier. Also, 
the hydrolysis procedure could be used to encourage changes in the pre¬ 
dominating species. For example, if filamentous organisms began to pre¬ 
dominate, some return sludge could be hydrolyzed and this rich substrate fed 
back to the bioreactor in the expectation that the individual flocculatable cells 
would outgrow the filaments. During the refeeding period, one might also 
create operational or environmental conditions that would be less favorable to 
filaments. For example, one could make certain that the pH was well above 



Figure 10-35 Extended aeration activated sludge process incorporating chemical hydrolysis for 
control of sludge concentration. (From Yang and Gaudy, 1974a.) 
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neutrality so as not to encourage rapid proliferation of fungi. The hydrolysis 
procedure might have to be administered more than once, but operators 
would at least have at their disposal some means of attacking the problem 
other than the repeated addition of coagulating chemicals in the hope that the 
problem would correct itself eventually. 

Extended aeration pilot plants using this mode of control have been 
operated with much success in controlling both biochemical substrate removal 
efficiency and autoflocculative separation of the cells. An operational mode 
was used in which small portions of the biomass were hydrolyzed weekly and 
were gradually fed to the bioreactor along with the return sludge (Gaudy, Yang, 
and Obayashi, 1971; Yang and Gaudy, 1974a, 1974b). This type of hydrolytic 
assist has also been helpful in correcting bulking due to filamentous organisms. 
Apparently the cell walls and sheaths of fungi and filamentous bacteria are rather 
resistant to biological attack; ridding the biomass of excess filaments once they 
have become established is greatly aided by a hydrolytic assist. Such engineering 
procedures can be of help until biological engineering proceeds to such an 
advanced state of knowledge to permit operational control of species pre¬ 
dominance in the bioreactor. The latter may be many years away, if indeed it is 
ever attainable. 

Wastewaters often contain large amounts of dissolved and colloidal 
inorganic matter, and a buildup of ash content of the biomass could be a 
source of concern. By its very nature, the hydrolytic assist adds considerable 
amounts of inorganic salts; however, pilot plant studies undertaken for over a 
year and a half using a waste with an extremely high ash content, ap¬ 
proximately 70 percent, have amply demonstrated that while the ash content 
of the biomass can be expected to be high, it will not continually increase nor 
will the high ash content hamper the efficiency of the treatment process 
(Gaudy, Manickam, Saidi, and Reddy, 1976). Feedstock in these pilot plant 
studies consisted of trickling filter sludge taken from the bottom of the 
secondary settling tank at a municipal treatment plant and subjected to partial 
hydrolysis. Thus the “wastewater” that was fed represented a highly complex 
mixture of organic and inorganic components. A sample of the results at a 
rather high inflowing substrate concentration (S, = 1000 mg/L, measured by 
COD) is shown in Table 10-5. In addition to noting the rather good per¬ 
formance with regard to removal of soluble and suspended materials in the 
waste, it is interesting to compare the feed and effluent nitrogen levels. If one 
assumes that all the organic nitrogen as well as all the ammonia-nitrogen was 
available to the cells as a nitrogen source, the BOD/N ratio is 50/1, which is 
well above the 20/1 ratio normally used for nitrogen-deficient waste. Yet 
nearly all of the influent nitrogen appeared in the effluent as nitrate nitrogen. 
One can see that the return of all cells closes the system with respect to 
nitrogen; it is reusable in the process and hence there is on average no net 
usage of nitrogen, i.e., no incorporation into excess sludge. The effluent 
concentration is equal to the input concentration. Furthermore, the nitrogen in 
the effluent exists in a highly oxidized form. The slow growth rate (longer 
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Table 10-5 Performance of a hydrolytically assisted 
extended aeration activated sludge fed a complex 
organic waste 



Feed, 

mg/L 

Effluent, 

mg/L 

Percent 

efficiency 

Total COD 

1096 

56 

94.9 

Filtrate COD 

— 

42 

96.2 

Percent soluble 

— 

75.0 


bod 5 

551 

17 

96.9 

BOD, soluble 

— 

7 


Percent soluble 

— 

41 


BOD;/COD 

0.5 

0.3 


Suspended solids 

777 

15 

98.1 

Soluble solids 

1367 

1759 


Organic-nitrogen 

4.3 

0 


Ammonia-nitrogen 

6.6 

0 


Nitrate-nitrogen 

0 

9.9 



Data from Gaudy, Manickam, Saidi, and Reddy, 1976. 


retention of cells) encourages nitrification. In the case of treatment of a waste 
that did not contain a usable source of nitrogen (e.g., some industrial wastes), 
the nitrogen supplementation could be minimized by use of the extended 
aeration process and perhaps even eliminated after initial addition for 
development of the sludge, provided one can control the autodigestive 
process (e.g., using a hydrolytic assist) to increase the ability to recycle the 
nitrogen component. Table 10-5 gives average values over a period of nearly 3 
months during the second year of pilot plant operation at the S, value shown. 
Even though there was no net utilization of the inflowing nitrogen during this 
time, the average protein content of the sludge, based on volatile suspended 
solids, was 35 percent; it was not uncommonly low. Continued work in our 
own laboratories on this and other possible chemical and physical assists to 
purification and sludge disposal provide indications that such approaches offer 
considerable promise. 

Other workers have investigated the “hydrolytic assist.” Hydrolytically 
assisted extended aeration pilot plants have been operated successfully on 
soft drink bottling plant wastes (Yang and Chen, 1977) and on bleached kraft 
pulp wastes (Lee et al., 1976) as well as to enhance aerobic digestion 
processes (Singh and Patterson, 1974). Also, in our own laboratories the 
hydrolytically assisted extended aeration process has been used to treat 
waste that contains cyanide. In regard to the treatment of waste containing 
toxic chemicals, care must be taken to ascertain whether the biomass 
degrades or accumulates the toxic material. In the latter case, hydrolysis of a 
portion of the sludge could conceivably release the toxicant. In the studies 
cited above, there was evidence that the cyanide ion was degraded biologic¬ 
ally (Y. J. Feng and A. F. Gaudy, unpublished results). 
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In summary, total oxidation is possible. The major engineering problem is 
the retention of the biomass until accelerated autodigestion occurs. However, 
there is no way to predict the periodicity and extent of such a period of 
autodigestion. Some form of chemical hydrolysis of the macromolecules that 
are biologically hydrolyzed with difficulty provides a useful means of con¬ 
trolling the sludge concentration. One way that shows promise is either acid 
or alkaline hydrolysis of some of the return sludge. The mode and severity of 
the conditions of hydrolysis are best determined for each local condition 
during treatability studies on the wastewater in question. Sludge disposal will 
become an increasing problem and combined chemical-biological schemes 
such as the one described above may prove to be economical when compared 
with the cost of incineration and other more conventional means of sludge 
treatment and disposal. It is wise to keep one’s options open in this regard, 
and it is the responsibility of fundamental biological engineering investigators 
to provide options and to determine their scientific validity. 


BIOCHEMICAL OXYGEN DEMAND (BOD)—THE CONCEPT AND 
THE TEST 

Basic concepts regarding BOD were given in Chap. 3, but any discussion of 
the microbiological aspects of control of the water resource would be sorely 
lacking if it did not deal with the much-used concept of biochemical oxygen 
demand and the BOD test in more quantitative detail. It was stated before 
that BOD is simply the oxygen taken up for aerobic respiration during a batch 
experiment similar to those shown, for example, in Fig. 10-7 or 10-8. During a 
BOD test, one measures the amount of oxygen used in a prescribed time, 
usually at the end of 5 days of incubation, and uses the value as a measure of 
the strength of the waste. If an untreated (raw) waste is examined, the sample 
usually must be diluted. Therefore the results obtained are multiplied by the 
appropriate dilution factor. Dilution is necessary because, instead of using a 
Warburg apparatus or other manometric device or a reactor of known 
reaeration characteristics, the oxygen uptake is measured as the decrease in 
dissolved oxygen concentration in a completely filled and stoppered reaction 
flask, i.e., a BOD bottle, of approximately 300 ml volume. Since one can 
dissolve only 8 to 9 mg/L of oxygen in water, the drop in DO during the 5-day 
incubation period must be small; because most wastes exert more oxygen 
demand than this, dilution of the sample is usually necessary. The use of such 
a closed system and the development of the dilution technique were originally 
aimed at simulating the assimilation conditions in the receiving stream. That 
is, the primary interest was not in assessing the strength of a wastewater but 
in gaining some insight into how much oxygen would be used in the dilute 
condition one would expect in the receiving stream, i.e., when the waste was 
diluted with river water. Thus, when the test was developed, the aim was not 
to measure S, for the design of wastewater treatment plants, but to predict the 
effects of a wastewater on a receiving stream. 
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It is not our purpose to review the long history of development of the 
BOD test. It should suffice to say that many workers have contributed to its 
development. Indeed, development of the field of environmental engineering 
science has been dependent on the development of the BOD concept and test. 
The names Phelps, Streeter, and Butterfield (particularly Phelps) are prom¬ 
inent in the development of the BOD concept. The primary interest of these 
early workers was to determine the DO profile in the receiving stream in 
response to a known dilution of wastewater. The interest was in determining 
the capacity of the receiving stream for assimilation of organic wastes. This 
capacity depends, in the main, on two overriding and opposing factors: the 
rate of reaeration in the receiving stream and the rate of oxygen utilization 
due to microbial metabolism of the organic matter in the stream. 


Kinetics of BOD Exertion 

In Chap. 6 we used a DO profile and the aeration characteristics of the reactor 
to estimate the oxygen uptake curve. The problem now is simply to reverse the 
process and estimate the DO profile, however, not in a reactor with relatively 
definite reaeration characteristics but in the natural reactor. Aeration, i.e., 
absorption of oxygen into the water, follows a first-order, decreasing-rate 
kinetic curve, as discussed in Chap. 6. The mechanism and the kinetics are 
essentially the same (values of K 2 will differ) whether the reactor is an 
aeration tank or a receiving stream. On the other hand, as can be seen in Figs. 
10-7, 10-8, and 10-10, the oxygen uptake or BOD curve looks very much like 
the biomass growth curve during the substrate removal phase and thereafter 
continues on a path that can be only loosely defined; the extent of oxygen 
uptake in the endogenous or autodigestive phase is dependent on the popu¬ 
lation present. In any event, it is obvious that there is no one kinetic order or 
particular mathematical form that can describe the entire curve. Therefore, 
while we can speak of a specific rate of reaeration over the entire period, it is 
impossible to speak of a specific rate of oxygen uptake. Obviously more than 
one kinetic event occurs during the exertion of this biochemical oxygen 
demand, e.g., there is growth and autodigestion, and no one type of kinetic 
equation describes the curve. However, this was not the general type of 
oxygen uptake curve observed by early workers such as Phelps. Accumulated 
oxygen uptake appeared to exhibit a first-order, decreasing-rate kinetic 
character such as shown in Fig. 10-36. Equations (10-16) and (10-19) (see 
legend for Fig. 10-36) became standards of kinetic expression for the ac¬ 
cumulated oxygen uptake or BOD exerted, y, and the BOD remaining to be 
exerted, L,. Thus, both reaeration and oxygen uptake were considered to 
occur with the same kinetic order and one could calculate the changes in DO 
deficit or concentration of DO in the receiving stream in time or distance 
downstream from the point of entry of the waste into the stream in ac¬ 
cordance with the following differential equation: 
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Integration of Eq. (10-20) yields the sag equation of Streeter and Phelps 
(1925). 

We may ask why there were differences in the observed oxygen uptake 
then and now. We can get a partial insight by examining the oxygen uptake 
curve shown in Figs. 10-7 and 10-8. Clearly, during the period of substrate 
removal the curve is S-shaped. This type of curve can be observed time and 
time again under conditions of balanced nutrition. However, while a large 



Figure 10-36 Oxygen uptake, BOD, curve according to the first-order, decreasing-rate equation of 
Phelps (1944). 
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where L 0 = ultimate amount of oxygen uptake to be expressed; L 0 = 100 mg/L in example above 
L, = amount of BOD remaining to be expressed at any time t 
y, = amount of BOD expressed or exerted at time t 

K.\ = velocity constant for logarithms to base e, /C, = 2.3 fe,. K, = 0.23 in example, 
k, = velocity constant for logarithms to base 10. 

y 5 = BOD 5 , i.e., the standard BOD test value that would be registered for the above 
oxygen uptake 
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portion of the oxygen is taken up during this period, this time is relatively 
short in comparison with the total incubation time. In Fig. 10-8, if we move the 
early portion of the curve to the right and plot the whole curve on the same 
scale (see the dotted line), the S-shape is less apparent. This portion of the 
curve might even be fitted to Eq. (10-16) with the obvious exception that it 
would have to have a much higher K, value than was used in the example of 
Fig. 10-36. If one had not taken many samplings of oxygen uptake during this 
period, the decided S-shape of the curve may not have been noticed at all. 
Indeed, such might also be the case for the pause and acceleration of the rate 
that takes place between days 1 and 3 in Figs. 10-7 and 10-8; that is, first one 
might smooth the curve into one that looks something like the first-order, 
decreasing-rate curve of Eq. (10-16). Second, if not enough samples were 
taken, one might not even observe these divergences from Eq. (10-16). 

A few important questions may be asked at this point. Does it make any 
practical difference whether one uses the actual curve or approximates it by 
Eq. (10-16)? Is there any fundamental problem that could arise by using this 
equation? The answer to the first question is yes; it does make a difference, 
because when one compares the predicted DO profile (the sag curve) cal¬ 
culated using Eq. (10-16) with the profile obtained using the numerical 
integration procedure employing the actual BOD curve, the low point of the 
sag curve, the critical DO, is lower using the latter procedure (Isaacs and 
Gaudy, 1967; Gaudy, 1972). This comes about largely because in the early 
stages the rate of oxygen uptake is increasing at an increasing rate rather than 
a decreasing rate, i.e., the BOD curve is convex upward. The allowable 
minimum dissolved oxygen concentration in a receiving stream is generally 
4 mg/L DO or approximately 50 percent of the DO saturation concentration. 
Thus, it is important not to use a means of estimating that underestimates the 
severity of the condition. The answer to the second question is also yes; there 
are indeed fundamental problems with the use of the BOD technique and its 
approximation as a first-order, decreasing rate for the purpose of formulating 
an equation for oxygen uptake. A major problem is that the first-order 
approximation of BOD has become so embedded in environmental engineer¬ 
ing principles that it is used as kinetic principle rather than the approximation 
it is, and it has erroneously become a starting point or foundation upon which 
to build new kinetic principles in the field. 

We have seen in Chap. 6 that the rate of growth, as the growth curve 
proceeds, increases up to an inflection point and thereafter decreases. During 
the increasing portion it may enter an exponential phase (constant /x), and the 
specific rate of growth has been shown to be dependent on the concentration 
of the carbon source. Also, we know that the oxygen uptake curve roughly 
parallels the shape of the growth curve. Thus, the specific rate of oxygen 
uptake should also be dependent on the concentration of the carbon source. 
Experimentation has shown this to be true (see Fig. 10-37). When one plots 
the numerical value of the slope of the semilogarithmic plots of oxygen 
uptake against the values of S 0 , the data appear to fit the rectangular 
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Figure 10-37 Exertion of BOD due to various concentrations of a glucose/glutamic acid substrate 
in BOD bottles supersaturated with oxygen. (A) Oxygen uptake, growth, and COD removal 
curves. (B) Semilogarithmic plot of oxygen uptake. (Adapted from Jennelle and Gaudy, 1970.) 


hyperbola of the Monod equation rather well (Jennelle and Gaudy, 1970). 
Thus, during the early portions of the oxygen uptake curve, the rate constant 
is dependent on S 0 . This is simply another way of saying that the specific rate 
of BOD exertion depends on the dilution factor of the waste sample used in 
the BOD bottle. One would therefore obtain different kinetic constants. 
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depending on the dilution used. If, for practical reasons, one used a dilution 
factor sufficient to get an oxygen uptake curve without resorting to super¬ 
saturating the water in the BOD bottle (which is the usual case), a very high 
dilution would be required—perhaps one much higher than the dilution 
expected in the receiving stream. In this case, one would be underestimating 
not only because of the use of a first-order, decreasing-rate approximation but 
also because the numerical value of the velocity constant used would be 
lower than would have been observed at a lower dilution of the waste. During 
the early portion of the BOD curve, which is so important to estimating the 
critical DO or low point on the DO sag, the first-order approximation violates 
one of the empirical principles established by many experimental obser¬ 
vations, i.e., the relationship between specific rate of growth and/or oxygen 
uptake and the substrate concentration. 

There is really no need to use the first-order approximation when predict¬ 
ing the DO profile in a body of water. One can obtain a number of oxygen 
uptake curves using the expected dilution of wastewater in receiving water and 
an open-reactor technique (see Chap. 6). The curve can then be integrated 
numerically with the estimated stream reaeration constants, K 2 values (Peil 
and Gaudy, 1975; Gaudy, 1975). 

The plateau in the BOD curve It is apparent in Fig. 10-7 that for most of the 
experimental (incubation) period, the oxygen uptake takes place in the endo¬ 
genous or autodigestive phase. In this phase the portion of the original 
exogenous substrate that has not been oxidized to carbon dioxide and water 
exists in the biomass, and the oxygen uptake yet to be exerted will be exerted 
at the expense of the biomass, which is now the only organic food source in 
the system. 

In the experiment shown in Fig. 10-7 and in many others as well, the 
beginning of this phase seems to be marked by a slowing and restarting of 
oxygen uptake, i.e., a “plateau” has developed in the oxygen uptake curve 
shortly after the time of exhaustion of the original exogenous carbon source. 
A. W. Busch (1958), who made the pioneering observation of such plateaus 
during exertion of BOD, concluded that the plateau always signified the end 
of the substrate removal phase, and that oxygen uptake after the plateau was 
caused by microbial predators, e.g., protozoa feeding on the bacterial biomass 
that had grown during the first phase. Both the observation and the con¬ 
clusion precipitated considerable controversy among investigators. The 
observation could, of course, be checked easily by other investigators, but the 
conclusion was contrary to previous concepts. Also, there was no reason to 
expect that the two phases of substrate utilization, exogenous and autodiges¬ 
tive, would always be so markedly separated that there would be a distinct 
pause in oxygen uptake between them. The former concept of BOD exertion 
was due largely to the work of Butterfield, and it held that the exogenous 
substrate was not removed so rapidly as is shown in Fig. 10-7, i.e., during the 
first 1 or 2 days, but that it occurred throughout the oxygen uptake period. 
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i.e., throughout the experiment. According to this concept, the filtrate COD 
curve shown in Fig. 10-7 would be much more shallow; soluble COD would 
be removed much more slowly. The role of predators, e.g., protozoa, was to 
continually lower the bacterial numbers so they would continue to grow, 
thereby removing more and more of the exogenous substrate. Thus, the actual 
respiratory contribution made by the predators was considered to be negli¬ 
gible. This concept still persists, although the newer concept is more obviously 
in line with the natural food chain in the decay leg of the carbon-oxygen cycle 
as well as with recent experimental observations. In any event, science goes 
forward through research, and the drive to research is fueled by controversy 
rather than agreement. 

Thus, the occurrence of the plateau was challenged by some workers who 
soon found that the experimental observations of a plateau were repeatable, 
although not with the quantitative precision predicted by Busch and his 
coworkers, who felt that since the plateau marked the end of the substrate 
removal phase, the standard incubation time in the BOD test could be 
shortened from 5 days to perhaps 1 or 2 days. One of the findings of other 
workers was that a plateau in oxygen uptake could develop even if predators 
were not present. This finding of a plateau even in a pure culture study 
indicated that there were reasons other than predation for a second stage of 
oxygen uptake (Wilson and Harrison, 1960; Bhatla and Gaudy, 1965a). There 
was also the question of why there should be a pause rather than a smooth 
transition between what appeared to be two distinctly different respiratory 
activities. Indeed, it can be shown that the plateau is not always observed, but 
it is present with sufficient frequency to cause one to seek explanations for it. 

One can envision various possible explanations for the occurrence of a 
plateau and then systematically try to prove or disprove these hypotheses by 
experimentation. There are various ways in which plateaus in oxygen uptake 
could conceivably be generated. If the exogenous substrate has been removed 
at the time of the plateau, one must look for a reason for the delayed onset of 
endogenous or autodigestive respiration. If a plateau is observed in a pure 
culture system, it is possible that some species need an acclimation period 
before initiating respiration of internal or endogenous stores. If a hetero¬ 
geneous population is used, one might ask: Is there a period of adaptation 
before predators such as protozoa or other bacteria can begin to prey upon 
other cells? Also, one may ask whether it is entirely necessary that the 
plateau marks the end of the substrate removal phase. For example, holding 
to the ideas of Butterfield, can a plateau occur during the substrate removal 
period? The latter situation might exist in a system in which there is more 
than one type of exogenous carbon source if those carbon sources or groups 
of carbon sources were metabolized sequentially rather than concurrently 
(see Chap. 12). If a single carbon source were being metabolized, cells might 
be able to elaborate metabolic products into the medium that would be 
metabolized only after an acclimation period, and the acclimation period 
could be reflected in a pause in oxygen uptake. 
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In brief, all the above questions were asked and investigated experimen¬ 
tally, and all the possible reasons listed have been shown experimentally to be 
involved in the generation of plateaus in oxygen uptake, each acting under 
appropriate conditions (Gaudy, Bhatla, and Abu-Niaaj, 1963; Gaudy, Bhatla, 
Follett, and Abu-Niaaj, 1965; Bhatla and Gaudy, 1965a, 1965b, 1966). 
However, when a plateau is observed in oxygen uptake, the events shown in 
Fig. 10-38A usually occur (Bhatla and Gaudy, 1965b). When the plateau does 
not occur, the situation is usually that shown in part B. The difference lies in 
the “ecological kinetics” of the food chain decay process. Protozoa are 
thought to be somewhat fastidious in regard to the bacteria they use as food 
material. If any particular species of predator is to increase in numbers, it is 
possible that a large amount of its particular food supply must be present. 
Thus, the predator respiration curve may depend not only on the number of 
protozoa present in the original seed but also on the diversity of species 



Time 


Figure 10-38 Relationship among 
oxygen uptake, organic carbon 
removal, and microbial .growth. In 
A, growth of the protozoa lags 
bacterial growth sufficiently to 
cause development of a plateau in 
oxygen uptake, whereas in B, pre¬ 
dator growth does not lag 
sufficiently to allow development 
of a plateau. (From Gaudy, 1972.) 
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present, in order that the possibilities of obtaining a useful match in the 
predator-prey relationship are increased. In the bacterial growth portion of 
the respiration curve, not one but many species are growing. The distribution 
of species can be expected to change during the early S-shaped portion of the 
curve. The two phases of metabolism may meld together and no plateau 
would be observed. On the other hand, the two phases may be separated in 
varying degrees to yield plateaus of various lengths. If the right match 
between predator and prey is not made, there may be no second phase of 
oxygen uptake at all. Furthermore, there is certainly no reason to think that 
the bacteria-protozoa relationship is the only one that can occur. The next 
group of predators in the food chain, e.g., Crustacea, may cause a third phase, 
and so on. Also, some of the predators of one bacterial species may be 
another bacterial species, or some cells may autolyze to release exogenous 
substrate, thus allowing the growth of some bacteria. The latter types of 
respiration curves would cause smaller phases of increase in the oxygen 
uptake because the total energy in the closed system is being depleted 
constantly by respiration (see Fig. 3-1). Thus, if one smoothed over the 
plateaus after the exogenous carbon source in the sample has been removed, 
the curve would approximate first-order, decreasing-rate kinetics. However, 
attempting to force the entire oxygen uptake curve into this mold can lead to 
erroneous prediction of the DO profile in receiving streams. The use of BOD 
to help determine the assimilation capacity of a receiving stream is probably 
the best use for a BOD curve, and there is no need to use formal integration 
of a rough mathematical approximation of it when numerical integration of 
the best estimate of the entire curve is so easily accomplished in this age of 
calculators and computers. 

Use of the BOD test in design and operation Prediction of the effect on the 
oxygen resources of the receiving stream is not the only use for the BOD 
concept. For years the concept of BOD has been embodied in the BOD test, 
which does not measure or trace the BOD curve but simply determines a 
single point along the curve—the accumulated oxygen uptake after a 5-day 
incubation period. It should be clear from the foregoing discussion that after 5 
days, the system is in the autodigestive phase, i.e., the decreasing-rate portion 
of the curve. The rate and the mode of kinetics followed in arriving at this 
point are not known. However, overlooking this problem, it can be said that 
the standard 5-day BOD test (BOD 5 ) provides a way to estimate the pollution 
potential of the waste sample in terms of its demand on the oxygen resources 
of a body of water. As a relative index, it is useful provided we are aware of 
the facts outlined above. The 5-day BOD test is used widely in design as a 
measure of 5, flowing into biological treatment reactors. Here it is a very 
rough approximation because BOD is a measure, not of S b but only of the 
respiration due to metabolism of S-,. The respiration it measures in 5 days is a 
composite of that during the substrate removal phase and a portion of the 
autodigestive phase. The degree of autodigestion, as we have seen, is far less 
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reliably reproduced or predicted than are the occurrences in the substrate 
removal phase. The ACOD of the waste appears to be a far more useful 
measure of S, (see Chap. 3) for purposes of designing wastewater treatment 
plants. When considering the effluent of an operational treatment plant, 
however, it is the effect the effluent might have on the stream that is 
important. Running the standard 5-day BOD test on the plant effluent can give 
a useful indication of the potential hazard of excessive drawdown of oxygen 
in the stream (which existed 5 days ago). This is not very much help in 
operating the treatment plant, but it can provide useful information in the 
regulatory process when effluent BOD 5 values are compared with stream 
monitoring data, or effluent BOD values may help pinpoint the causes of 
reported adverse events downstream from the point of entry of the plant 
effluent. 

The BOD test is a bioassay run under very dilute conditions, and the 
values one obtains depend not only on the types of kinetics exerted during the 
incubation period but also on the seeding material. Some seeding material 
from the waste treatment plant itself might be used, but one might well ask 
whether a low value for BOD would mean that the organic substrate had been 
removed in the plant or simply that the seed cells could not metabolize it. 
There is, after all, more than one way to register low effluent BOD values. 
Consider that some wastes, municipal wastes included, contain small concen¬ 
trations of toxic materials. The effectiveness of a toxicant is dependent on the 
concentration of cells in the system. In biological treatment systems, rather 
high concentrations of cells are used, and the small concentration of toxicant 
present in the waste may not hurt the system to any great extent. But the 
presence of these small amounts of toxicants may greatly inhibit respiration 
under BOD test conditions in which a very small inoculum of cells must be 
used. Thus, BOD 5 is not necessarily a good assay even for keeping an historical 
record of plant performance. The fact that must be realized is that there is no 
single test of effluent quality that suffices for all the needs of designers, 
operators, and regulatory agencies. The BOD test is obviously of no immediate 
aid to the operator of a biological treatment plant. Values of COD;, COD e , and 
ACOD may be used as operational guides, and the BOD concept, using an 
open-jar technique, can be used to predict the effects of effluent on receiving 
streams. These methods are in general much more useful for these purposes 
than is the BOD 5 (Gaudy and Gaudy, 1971; O’Herron, 1974). 

BOD is not the all-purpose measurement it is sometimes considered to be. 
The search for something better is a continuing effort, as is the search for 
better understanding of the process by which BOD is exerted. Throughout its 
long history, a great deal of the research on BOD has been directed toward 
finding the best ways to standardize the test so that results of various analysts 
can be compared. Standardization, of course, has its advantages, but without 
continued work on the kinetics and mechanisms of growth and respiration, 
standardization could simply indicate that we are making a uniform mistake. 
One of the current mistakes is that we use the BOD test for too many 
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purposes. If it were not for the fact that there is always some residual COD or 
TOC in effluents from a biological treatment plant, even when a known, easily 
metabolizable compound is fed, one could recommend the ACOD procedure 
unequivocally as a measure of S, in the design of treatment plants. 

BOD and Residual COD 

Some residual COD (COD e ) is always observed in batch and continuous flow 
growth reactors. It is expected when the original sample or inflow to the plant 
contains both metabolizable and nonmetabolizable organic matter. The ACOD 
is a useful measure of S, in this case; however, when a readily metabolizable 
compound (e.g., glucose, for which one expects the inflowing COD, COD,, to 
equal ACOD) is used as carbon and energy source, there is always some 
remaining organic matter as measured by COD even when it can be shown 
that there is none of the original substrate present. For example, the residual 
soluble COD in Fig. 10-7 is approximately 50mg/L. The carbon and energy 
source in this case was glucose, and although analyses for glucose were not 
made in this particular experiment, they have been made in many similar 
studies and only very small concentrations of glucose are found—usually 5 to 
10 percent of the residual COD. 

When one runs a BOD test using seed taken from the growth reactor or 
from sewage, the values observed for this soluble material are very low, in the 
range of 10 to 20 percent of the COD; thus, if one judged the performance of 
the growth reactor on the basis of the 5-day BOD test rather than the effluent 
chemical oxygen demand COD,,, its performance would be judged to be much 
better. The fact that the organic matter detected as COD e was not metabo¬ 
lized at the plant and exhibited a low biochemical oxygen demand does not 
necessarily mean that the organic matter in the effluent will not be metabol¬ 
ized in the receiving stream, however. Two types of observations show that 
the low BOD “of the moment” does not necessarily indicate that the residual 
BOD is biologically inert. If one collects such an effluent and subjects the 
soluble residual COD to long-term aeration in the presence of a small seed 
from a receiving stream or soil or sewage from the plant that produced the 
effluent, there is often slow oxygen uptake—much slower than the oxygen 
uptake due to the COD of the original waste sample. Also, if one allows the 
soluble residual COD to build up in a batch-fed, closed reactor, at times it will 
increase and then undergo a decrease, indicating that species have developed 
that eventually metabolize some portions of the residual soluble organic 
matter (T. R. Blachly and A. F. Gaudy, unpublished results). However, these 
materials are generally metabolized slowly. Thus, the aeration capacity of 
most receiving streams is sufficient to accommodate the “residual” soluble 
COD from a metabolically efficient biological treatment plant even though this 
material may represent a significantly higher oxygen demand in the receiving 
stream than would be indicated by the amount of soluble BOD in the effluent 
as judged by the standard BOD test. 
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Much more work is needed to characterize the nature of compounds 
constituting COD e and their effect on receiving streams. Such knowledge is 
vital to eventual successful attainment of technological control of the water 
resource. While a low soluble BOD e is no guarantee of low ultimate oxygen 
demand in the receiving stream, there would not appear to be any immediate 
cause for concern over depletion of the oxygen resources in receiving bodies 
due to this slowly metabolized residual COD. Even though technological- 
political decisions may be made not to use it, receiving streams do possess 
assimilation capacity and a good use of these slow-rate aerobic reactors is for 
the oxidation of slowly metabolized organic matter such as the relatively low 
residual COD from effectively operated biological treatment plants. Whether 
this approach will be possible depends on gaining further knowledge of the 
kinetic course of the metabolism and eventual disposition of these residuals. 
It should be emphasized, however, that depending on the immediate use of 
the effluent, there may not be time for aerobic decay of these organic 
residuals in the receiving stream, in which case tertiary treatment at the plant 
site is necessary. The soluble residual COD generally can be very much 
reduced by holding the effluent in contact with a high concentration of 
biomass (Gaudy and Srinivasaraghavan, 1974b; Saleh and Gaudy, 1978). This 
observation provided justification for assuming that the soluble substrate in 
the recycle line of an activated sludge plant could, for the most part, be 
neglected (see Chap. 6). It is not clear how much of this removal was due to 
sorption of polar molecules on floe surfaces and how much to biological, i.e., 
metabolic, uptake, but if one contacted the same effluent with activated 
carbon, somewhat less soluble COD e was usually removed, suggesting that 
the result was partially due to metabolic uptake. 

The nature of COD* is uncertain and somewhat difficult to determine 
because the compounds of which it is composed are present in such small 
amounts. Analyses made during the experiments shown in Fig. 10-16A throw 
some light on the subject (Thabaraj and Gaudy, 1971). Note that the COD and 
the glycerol concentration remaining in solution during the substrate removal 
period are the same. Thus, there is little or no evidence for the buildup of 
metabolic intermediate products during the purification phase. After the 
eleventh hour, no glycerol was found in the medium. During the autodigestion 
period, the COD, after rising to 200 mg/L, declined in an oscillating pattern. 
Attempts made to determine the nature of the soluble COD included analyses for 
various volatile acids, keto acids, and ribose. These types of compounds 
accounted for only a small fraction of the residual COD. Only traces of acetic 
acid and keto acids were found, and the ribose concentration varied from 16 to 
2 mg/L, with the high concentrations occurring early in the autodigestive phase. 
The presence of ribose suggests that a portion of the filtrate COD arose from 
degradation of nucleic acids during the autodigestion period. 

In addition to the soluble COD, treatment plant effluents contain suspen¬ 
ded organic solids because the secondary clarifier does not yield 100 percent 
efficiency. Usually the suspended solid’s concentration in the overflow 
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amounts to 20 to 30mg/L. When BODs and CODs are run on effluents, 
usually the total value, i.e., soluble plus suspended, is obtained. In addition to 
the obviously greater amount of work involved in determining values for 
soluble and total BOD and COD separately, the reasoning is that the receiving 
stream makes no distinction between soluble and suspended oxygen demand. 
Therefore, prediction of the effect of the effluent on the receiving stream or 
measurement of the efficiency of plant performance is better based on overall 
values; that is, the efficiencies of the bioreactor and the settling tank are 
lumped together. There is some justification for this approach, but it 
obviously does not help professionals to improve the design and the operation 
of the individual treatment units involved. There are situations in which 20 to 
30 mg/L of suspended solids in the effluent cannot be allowed. In such cases, 
tertiary treatment or perhaps addition of coagulants to aid in separation of 
suspended solids can be used. In most cases this low level of suspended solids 
can be released to a receiving stream. 

One may ask whether these solids exert an oxygen demand similar to or 
different from that of the soluble organic matter in the effluent. It is recalled 
that the models for design and operation are set up to predict performance in 
the growth reactor, and they involve only the soluble substrate. For con¬ 
venience (not because we really know), suspended organic solids in a reactor 
influent can be thought of as becoming trapped in the biofloc particles, where 
they are perhaps partially metabolized in the bioreactor but are most probably 
brought down with the sludge, and their later metabolism is tallied as part of 
the endogenous or aerobic decay of the sludge. The degree to which any 
suspended organic solids in the influent to the bioreactor are metabolized may 
well depend on the degree of starvation in the system, i.e., the net specific 
growth rate. Suspended solids in the effluent, regardless of their source, are 
those that have escaped entrapment in the treatment system. If we cannot say 
with surety how suspended solids in the influent are used in the treatment 
plant, we are even more uncertain about the metabolic fate of effluent 
suspended solids in the receiving stream. It would be valuable information in 
environmental monitoring to determine both the soluble and suspended 
biological and chemical oxygen demands of plant effluents. This would help 
answer questions about the similarity or difference in the kinetics of oxygen 
uptake between the two and the relative contribution of each to oxygen 
demand in the receiving stream. 

The suspended solids usually found in effluents are doubtless a mix of 
living and nonliving organic matter. Some of the nonliving organic matter may 
be material that was in the influent to the bioreactor, or it may be cell debris 
arising from growth and decay in the system. Often the level of suspended 
solids in an effluent is found to be the same, i.e., 10 to 30 mg/L, whether the 
feed COD is totally soluble or contains some suspended organic matter, 
suggesting that the main source of effluent suspended solids is the biomass 
itself. However, this, like much else in this field, requires closer investigation. 
It is important to emphasize that the composition of the suspended solids can 
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vary with their concentration in the effluent. We have been considering the 
makeup of the 10 to 30 mg/L suspended solids found in a “good” effluent, i.e., 
one from a plant that is working fairly well. However at times, due to bulking 
or rising sludge, the effluent solids can be expected to have the character of 
the return sludge if the process is activated sludge, or the character of the 
attached slime if the reactor is a fixed- or rotating-bed type. 

The contribution of effluent suspended solids to the biochemical oxygen 
demand of an effluent is usually approximated in design calculations for a 
treatment plant. The general approach is to calculate the stated allowable 
effluent suspended solids concentration, which has been established by the 
appropriate regulatory agency, to an equivalent oxygen demand. If, for exam¬ 
ple, 30 mg/L of suspended solids is allowed, one usually begins by assuming 
that a certain portion of these solids is metabolizable. For example, one might 
assume that 80 percent of the suspended solids represents usable substrate. 
One may further assume that the suspended solids are biological cells. Next, 
one calculates their endogenous or autodigestive oxygen uptake (oxygen 
demand). One can assume that the cells can be totally oxidized or that they 
are subject to only partial oxidation, i.e., a residual cell fraction may be 
assumed to exist. Often a value of 80 to 90 percent of total oxidation is 
assumed. In order to apply the value, one must know the total oxygen 
demand, the COD of the cells. This value is often estimated as a theoretical 
COD calculated using an empirical formula for activated sludge, e.g., 
C 5 H 7 N0 2 . 

Since many designs are based on BOD 5 , one must now estimate how 
much of the total oxygen demand is exerted in 5 days. More often than not, it 
is assumed that 70 percent of the ultimate oxygen demand is exerted in 5 
days. The basis for this assumption is the first-order decreasing-rate mode of 
expression of BOD with = 0.23 day -1 . Here we see assumption piled upon 
assumption in order to determine (estimate) the biochemical oxygen demand 
of the suspended solids, and without even knowing what percentage of these 
were organic in the first place. When one has made an estimate of the 
contribution of suspended solids to BOD, the remainder becomes the allow¬ 
able soluble BOD that can be contained in the effluent. It is this value of S e 
that one uses in the design calculation to determine the values of X R , a, and t, 
i.e., or © c , needed to deliver the required S e . 

Depending on the numerical values used in the series of assumptions 
outlined above, the soluble BOD may amount to as little as 25 percent of the 
allowable effluent BOD. Thus, the bioreactor must, in the main, make up for 
the expectable lack of efficiency of the clarifier. This calls for extremely fine 
tuning of kinetic models and refined design and operational skills. Treatment 
plants are designed on the basis of “design assumptions”; these are certainly 
the most reasonable that existing knowledge allows, but plants function and are 
operated in the field in real situations. There is critical need for more 
information because the treatment plants do not function in the field in 
precise accord with the assumptions made in the design. The present lack of 
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better information on the biological oxygen demand of both effluent suspen¬ 
ded solids and soluble organic matter in the effluent can encourage the general 
application of tertiary treatment, which society may not be able to afford. 
Today if effluent standards lower than 20mg/L BOD 5 and 20mg/L of sus¬ 
pended solids are imposed, the tendency is to add on solids-removing unit 
processes or operations, e.g., chemical treatment, filtration, etc. These greatly 
increase costs to society. The paradox is that the price of ignorance may be 
higher than the cost of mounting the massive investigational effort needed to 
assess the biological effects of these dilute materials on the receiving body. 
Reliable information may well indicate that these materials can be safely left 
for nature to degrade or remove. The point is that we do not really know and 
it would be wise to find out before committing society to the enormous 
expense of treatment to achieve “zero” discharge. 

The effluent suspended solids do exert a biochemical oxygen demand. In 
pilot plant studies in our laboratories, using both municipal sewage and 
synthetic media as feed, BOD 5 analyses on soluble and total clarifier effluent 
amounted to approximately one-fifth of the respective COD values. For 
example, for an effluent averaging 20mg/L of soluble COD (i.e., COD c ) and 
30 mg/L of total COD, the corresponding BOD s values were 5 and 8 mg/L on 
average. The amount of effluent suspended solids averaged less than 20 mg/L. 
Since the COD due to the effluent suspended solids was only 10 mg/L (i.e., 
COD total -COD e ), a significant portion of these solids must have been in¬ 
organic or in any event highly oxidized, since they accounted for only 3 mg/L 
of the BOD 5 . Analyses such as this indicate that it may be well to reevaluate 
the assumptions made in estimating the biochemical oxygen demand of the 
effluent; far more extensive sampling is needed, not only in laboratory studies, 
but particularly in the field at actual treatment plants in order to establish 
more realistic estimates for design purposes. Relationships between total and 
soluble BOD and COD and effluent suspended solids will, of course, vary for 
different wastes, degrees of treatment, and operational conditions. 

It should be apparent that the organic materials causing biochemical 
oxygen demand in the influent are for the most part of an entirely different 
nature than those in the effluent. It seems fair, then, to ask whether the 
kinetics of oxygen uptake for treatment plant effluents will be different from 
those we have discussed previously in relation to untreated wastewaters. In a 
case where the oxygen uptake due to soluble substrate is lower than that due 
to organic suspended solids, which is usual under present effluent require¬ 
ments, one cannot really tell which fraction of the suspended solids serves as 
seed organisms and which as substrate. That is, one has little idea of the So/X 0 
ratio in such a system. However, some insight into the effect of the ratio of 
soluble to suspended organic matter on the kinetics of oxygen uptake is 
provided by the results described below. In experiments using a totally 
soluble substrate of known composition (glucose) in which oxygen uptake was 
measured by the open-jar technique (see Chap. 6), the So/X 0 ratio varied from 
19 to 6 , and it was found that the higher values tended to produce the 
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S-shaped oxygen uptake curve previously described. However, at the low 
values of S 0 /X 0 , the rate tended toward a linear and/or ever-decreasing rate. 
That is, as the system became more dominated by cells rather than soluble 
substrate, the oxygen uptake curve began to resemble an endogenous respira¬ 
tion or autodigestive curve. Thus, at low S 0 /X 0 ratios, the data tended more 
toward an approximation of first-order, decreasing-rate kinetics. It is difficult 
to generalize in regard to the mode of oxygen uptake of an effluent because 
the nature of the substrate is not known, but some insights are obtained from 
Fig. 10-39,4 and B. Both portions of this figure represent dissolved oxygen sag 
curves and calculated oxygen uptake curves from open-jar BOD studies on 
effluents from a hydrolytically assisted extended aeration pilot plant. In part A 
the data were generated from a 1/1 dilution of effluent with tap water. The only 
seed organisms were those already in the effluent. The initial suspended solid 
concentration was 12mg/L, and the initial filtrate COD was 49mg/L. The 
effluent was highly nitrified and essentially no ammonia-nitrogen was present. 
There was a long lag period characteristic of a seed consisting of old cells at 
low concentration, and within the 5-day incubation period the oxygen uptake 
curve was S-shaped. The lag period may have been due in part to the need for 
acclimation to nitrate-nitrogen as nitrogen source for growth or for ac- 


Figure 10-39 (A) DO profile and oxygen uptake curves for effluent from an extended aeration 
activated sludge pilot plant. 

Initial 

Substrate concentration 
filtrate COD 49 mg/L 

Suspended solids concentra¬ 
tion 12 mg/L 

Reaeration rate constant, 

X; = 0.162 h“' 

Dissolved oxygen saturation 
constant, C, =7.55 mg/L 
Oxygen uptake = 17 mg/L 
Dilution factor =1/1 

IB) DO profile and oxygen uptake curves for effluent from an extended aeration activated sludge 
pilot plant. Mixed liquor suspended solids were purposely added. ( Data from A. F. Gaudy and M. P. 
Reddy, unpublished.) 


Final 


16 mg/L 


Initial Final 

Substrate concentration 

filtrate COD 42 mg/L 40 mg/L 

Suspended solids concentra¬ 
tion 178 mg/L 160 mg/L 

Reaeration constant, 

K : = 0.185 h 1 

Dissolved oxygen saturation 
constant, C s = 5.90 mg/L 
Oxygen uptake = 27 mg/L 
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climation to the organic matter in the effluent. In part B the initial soluble 
COD was 42 mg/L, and the initial suspended solids concentration was pur¬ 
posely made high by the addition of mixed liquor suspended solids from the 
aeration tank (178 mg/L). It is seen that the lag was reduced and the kinetic 
mode of oxygen uptake was changed from that shown in part A. Ammonia- 
nitrogen and nitrate-nitrogen were not checked during this period of pilot 
plant operation, and it is not known whether any of the 27 mg/L of oxygen 
uptake was due to nitrification. However, spot checks for nitrate-nitrogen at 
the beginning and end of the open-jar experiment indicated that no nitrates 
were present at either the beginning or end of this experiment. These results 
demonstrate two distinctly different types of kinetic expression for oxygen 
uptake, due presumably to the difference in SolX 0 ratios. However, they also 
indicate that more complete information is needed for analysis of the results. 
In addition to knowing oxygen uptake and SJX 0 , one should know whether 
nitrogenous oxygen uptake occurred and possibly the nature of the limiting 
nutrient, since metabolism might be limited by the type and/or amount of 
nitrogen source rather than by the type and/or amount of COD. Clearly, the 
determination of BOD 5 on total (clarifier) effluent leaves serious gaps in one’s 
knowledge of the effect of a treatment plant effluent on the receiving stream. 


NITRIFICATION 

In regard to both the treatment of wastes and the measurement of the effect 
of treated effluent on oxygen resources in the receiving stream, the oxygen 
uptake during nitrification of ammonia-level nitrogen is a very important 
consideration. A secondary plant effluent that contains 20 mg/L of ammonia- 
nitrogen (not an uncommon amount) can exert a BOD of approximately 
90 mg/L. Equations (10-21) and (10-22) show the oxidation of ammonia- 
nitrogen to nitrite by Nitrosomonas and the subsequent oxidation of the 
nitrite to nitrate by Nitrobacter. Equation (10-23) shows the overall action. 

NHJ + 1.50 2 -^2H + + H 2 0 + N0 2 - (10-21) 

NO 2 +0.5O 2 ^NOF (10-22) 

NH: + 20 2 ^N03+ 2H + + H,0 (10-23) 

The total oxidation of 20 mg/L of ammonia-nitrogen would, in accordance 
with Eq. (10-23), exert an oxygen demand of 20(64/14) = 91 mg/L. Also note 
that nitrification tends to depress the pH value. In water containing carbonate 
alkalinity, the hydrogen ion reacts with biocarbonate ion to form H 2 C0 3 . 
Some of the NHJ is incorporated into cells, which reduces the amount 
available for oxidation. Using average values for cell yields and oxygen 
consumption of these organisms and an empirical formula for cells 
(C5H7NO2), an overall reaction for the growth and oxidation of ammonia by 
both organisms can be written (U.S. EPA, 1975): 
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NHJ + 1.830 2 + 1.98HCOF -* 

O.O 2 IC 5 H 7 NO 2 + 1.041H 2 0 + 0.98NOJ + 1.88H 2 C0 3 (10-24) 

The oxygen demand of 20 mg/L of ammonia-nitrogen in accordance with 
this equation is 20(58.4/14) = 84 mg/L, not including the nitrogen demand that 
might arise during the autodigestion of the nitrifying organisms that were 
grown. From the standpoint of wastewater treatment, nitrification of the 
ammonia originally in the waste or that produced from the decay of nitrogen- 
containing organic matter in the waste or of the biomass produced is desirable 
since this oxygen demand would otherwise be exerted in the receiving body. 

The presence of ammonia-nitrogen and of nitrifying bacteria in the seed 
can cause variations in the results of the 5-day BOD test. In raw municipal 
waste or primary effluent, nitrification usually begins well after 5 days, and 
there is usually a clear separation between exertion of carbonaceous and 
nitrogenous oxygen uptake. Generally the nitrogenous BOD curve adds on to 
the carbonaceous curve as a distinct phase of oxygen uptake starting after 
approximately 8 to 10 days of incubation. Effluents from secondary municipal 
waste treatment plants generally contain more ammonia-nitrogen than is 
needed for growth on the carbon source they contain. Also, they may contain 
rather large numbers of organisms capable of nitrification; in fact, the effluent 
may be partially nitrified already and both carbonaceous and nitrogenous 
BOD can be exerted concurrently, leading to gross errors in assessing either 
carbonaceous or nitrogenous BOD in the effluent. If an effluent is already 
completely nitrified, the BOD5 that is measured is an assessment of the 
carbonaceous oxygen demand remaining in the waste. Such an effluent can be 
expected to contain a high concentration of nitrifiers, but there is no energy 
source for them. They may, however, nitrify ammonia-nitrogen released 
during the autodigestive phase in the BOD bottle. Thus, they can still cause 
concern, depending largely on the amount of carbonaceous demand in the 
effluent. It is apparent that nitrification is a concern in the treatment plant, in 
the BOD test, and in the receiving stream. It has become accepted that not all 
nitrification should be allowed to occur in the receiving stream. This is as 
reasonable as not letting all of the carbonaceous demand be exerted in the 
receiving stream. It is not sound to take out organic matter and yet allow the 
dissolved oxygen level to drop below allowable limits in the stream because 
of nitrogenous oxygen demand. Thus, the production of nitrified effluent at 
public (or private) treatment plants is rapidly becoming an advanced treat¬ 
ment requirement. 


Nitrification in the BOD Test 

While we must be concerned with the total carbonaceous and nitrogenous 
oxygen demand of an effluent, it is also desirable to distinguish between the 
two, and this, as we have seen, cannot be accomplished simply by running 
BOD 5 tests on the effluent. A number of alternatives can be formulated. One 
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can elongate the incubation time with the aim of providing time for both types 
of oxygen demand to be exerted completely. This has some merit, but it does 
not allow a distinction between carbonaceous and nitrogenous BOD. Also, 
much preliminary study is needed in order to decide on the best incubation 
period to use. Furthermore, the optimum conditions for growth of the 
heterotrophs are not necessarily the same as those for the slower growing 
nitrifiers. One must be able to distinguish between nitrification of nitrogenous 
material in the effluent and nitrification of nitrogenous material that may be 
present in the dilution water if the effluent sample requires dilution. Standard 
dilution water for the BOD 5 test contains ammonium ions in order to enhance 
balanced growth of the heterotrophs; this must be “calculated out” of the 
BOD results. If the dilution is made with water from the receiving stream, it is 
important to determine the kinds and amounts of nitrogen in this natural 
dilution water. If one measured the amounts of nitrite and nitrate at the 
beginning and end of the incubation period, one could calculate the oxygen 
that had to be used to increase the nitrite and nitrate concentrations and 
subtract the amount from the total oxygen uptake during incubation. This 
would distinguish between carbonaceous and nitrogenous BOD, but it 
requires extra analyses. These analyses and more will be required in any 
event, since it is folly to spend billions of dollars for treatment facilities and 
neglect operational and monitoring activities. A jug or jar technique, prefer¬ 
ably using an open reactor with a K 2 value close to that expected in the near 
downstream reaches of the receiving stream, would be better than the 
standard 300-ml BOD bottle reactor, since it could be made large enough to 
permit periodic sampling and it simulates conditions in the receiving stream 
much more closely than does the BOD bottle. Electrometric measurement of 
oxygen and inorganic nitrogen rather than chemical analyses could facilitate 
generation of kinetic data. 

Another alternative is to prevent one type of oxygen uptake by selectively 
killing or inhibiting the heterotrophs or the autotrophs in the seed. 
Nitrification is more easily prevented than is carbonaceous uptake, and 
various expedients have been suggested. Some of them include pasteurization 
and/or acidification and neutralization of the effluent, followed by reinocu¬ 
lation with seed devoid of nitrifiers. Addition of selected inhibitors of 
nitrification has also been tried, since nitrifiers are more easily inhibited than 
are the many different heterotrophs in the effluent. Nitrate rather than 
ammonium ion as nitrogen source in the dilution water has also been used as a 
means of curtailing nitrification. Nitrification is also inhibited by high concen¬ 
trations of ammonia. Severe suppression of nitrification by an ammonia- 
nitrogen concentration of 0.1M (1400 mg/L) was reported by Meyerhof in 
1917 (see Focht and Chang, 1975; Painter, 1970), and this concentration of 
ammonia-nitrogen was found to suppress nitrification under conditions of the 
standard 5-day BOD test (Siddiqi et al„ 1967). 

Incubation of samples for total BOD and for carbonaceous BOD exertion 
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can be of some help in monitoring the separate oxygen demands of treatment 
plant effluents. In any event, one cannot negate consideration of nitrogenous 
BOD in effluents that contain mineralized nitrogen. In order to assess the 
effect of an effluent on the receiving stream, one must go further than 
determining the oxygen used in either the standard or an arbitrarily selected 
period of time. With nitrogenous oxygen demand as well as carbonaceous 
demand, some picture of the time course or rate curve for the process must 
be obtained and integrated with the reaeration characteristics (values of X 2 ) 
of the natural reactor into which the effluent is passed. Nitrification com¬ 
plicates the problem of producing a mathematical equation to describe the 
overall process adequately. Although exertion of the carbonaceous BOD of 
secondary treatment plant effluent tends to have a first-order, decreasing rate, 
exertion of nitrogenous BOD in a nonnitrified effluent tends to produce the 
usual S-shaped curve characteristic of growth. While it is desirable to seek 
mathematical expressions, the obtaining of a representative oxygen uptake 
curve and its numerical integration with the reaeration characteristics of the 
stream are practical methods that can be usefully employed now. The use of 
the open-jug technique and calculation of the expected DO profile down¬ 
stream from the effluent outfall provide historical data during plant operations 
that can be compared with the actual DO profile observed in the stream. Once 
the similarity of the predicted and actual DO profiles has been established, 
any divergences can be used in analyzing the results of regulatory agency 
investigations, and they can be an aid in fine-tuning technological control of 
the aqueous environment. There is wisdom in being able to show, with data, 
the effect of one’s effluent on the downstream dissolved oxygen resource, 
because in time of stress in the stream it is necessary to identify the 
offenders, and there may be other potential sources of pollution in the area. It 
is not enough to cast doubt in regard to these other sources; one will have to 
show that one’s own effluent could not be among the potential offenders. 

It must be emphasized that federal and state agencies regulate effluents 
and streams. This fact is sometimes forgotten during the present period when 
the federal agency, in particular, is functioning as a construction grant agency. 
This function is now necessary so that the regulating function, which is the 
main one, can be carried out in the future. Looking to the future, the public 
construction phase will give way to intensive monitoring and regulatory 
activities on the part of these government (social) pollution control agencies. 
Those responsible for producing purified effluent and operating and managing 
the receiving streams must, of necessity, maintain a continual and extensive 
monitoring program for aid in operation and for historical logging of both 
plant performance and the effect of the effluent on the natural reactor that the 
plant was installed to help control. This state of affairs will come about partly 
because these data will be required by the regulating agency and partly 
because it makes good sense for the plant owners to check on the results of 
the surveillance exercised by the regulatory agencies. 
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Nitrification in the Treatment Plant 

We have dealt at some length with the growth of aerobic heterotrophs in 
treatment plant reactors, and much of the same discussion of the control of 
growth and its kinetic description pertains to the nitrifiers as well, although 
their carbon source is carbon dioxide and the initial energy source is am¬ 
monia-nitrogen. In general, the hyperbolic relationship between the concen¬ 
tration of growth-limiting nutrient and the specific growth rate \x can be 
applied to the nitrifiers. The carbon source, bicarbonate ion, is usually present 
in excess and the energy source is the limiting nutrient. The nitrifiers exhibit 
rather low values of /x max . Values less than 1.0 day -1 are not unusual for 
growth in sewage in the temperature range of 20 to 25°C, although ju, max values 
greater than 2.0 day -1 have been reported for a pure culture of Nitrosomonas. 
Values for K s generally fall between 1 and 5 mg/L of ammonia-nitrogen in 
this temperature range. Reported values for /x max and K s are higher in higher 
temperature ranges and lower than those cited above at lower temperatures. 
At temperatures in the range of 20 to 25°C, values for Y, and k d of 0.15 mg of 
cells per 1 mg of ammonia-nitrogen converted to nitrate-nitrogen and 
0.07 day -1 , respectively, appear to be reasonable for nitrifying bacteria, al¬ 
though little actual information is available on k d values for these organisms. 

With the heterotrophs, most of the available evidence indicates that the 
rate of growth is not affected by the DO concentration unless it falls below a 
rather low critical level. However, with the nitrifiers, there is some evidence 
that nitrification is enhanced at increased levels of DO, in accordance with the 
hyperbolic function, i.e., a Monod-type relationship, and it would appear wise 
not to let the DO levels fall below 2 mg/L. This level of DO is recommended 
for the removal of carbonaceous substrate as well, in view of the fact that the 
cells exist as flocculated microbial communities. We do not really know 
where the nitrifiers live within the biological community, but their location 
may have much to do with the numerical values of the kinetic constants used 
to describe their growth. All available information indicates that nitrifiers 
grow best at pH values slightly on the alkaline side. A pH near 8 is optimum 
for growth of nitrifiers, but nitrification can proceed at pH values slightly 
below 6. 

It is not necessary to grow nitrifiers at their maximum growth rate any 
more than it is to grow the heterotrophs at their fastest rate. In fact, as we 
shall see in Chap. 13 and have already seen in Chap. 6, it is essential to grow 
the organisms in any biological treatment system at well below the maximum 
specific growth rate. What is required is to grow the system at a rate 
commensurate with maximum purification capacity and stability, and this is 
definitely not the maximum growth rate. It is essential that one adjust the net 
specific growth rate to accommodate either or both types of organisms. If 
both carbonaceous and nitrogenous substrates are to be removed in one 
reactor, one must not operate at a /x„ so high (or © c so low) as to wash out the 
nitrifying organisms; as /x„ increases, the /x max of the nitrifiers is exceeded long 
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before that of the heterotrophs. Alternatively, one can run separate reactors 
for removal of the carbonaceous substrate and ammonia-nitrogen. The latter 
alternative is sometimes preferred because one can optimize the operational 
conditions for each process separately. However, this requires an extra 
aerobic reactor and clarifier. The carbonaceous stage can be designed with 
fairly high n„ because it is desirable to leave some carbonaceous substrate S e 
in the inflow to the nitrification stage. The high /u.„ or low mean cell residence 
time @ c tends to produce a large amount of excess sludge X w from the first 
stage. jOn the other hand, removal of both carbonaceous and nitrogenous 
oxygen demand in one reactor tends to maintain a higher level of aeration 
solids X and lower excess sludge production X w as a consequence of the low 
(i„ required to accommodate the nitrifiers. These aspects can be examined 
quantitatively using the growth model equations [Eqs. (6-75), (6-80), and 
(6-81)]. 

It is apparent that the low specific growth rate required for single-stage 
carbonaceous and nitrogenous BOD removal tends toward the rate charac¬ 
teristic of extended aeration plants. There is no easy guide to process 
selection, but is is essential to evaluate the overall costs for operation and 
construction of the plant and the reliability of accomplishing the goals of the 
plant—removal of both kinds of BOD and disposal of excess sludge—in 
making the final selection of the process scheme. 


PROBLEMS 

10-1 What types of macromolecular substrates are attacked by enzymes excreted by micro¬ 
organisms, i.e., extracellular enzymes? 

10-2 Consult a text on biochemistry and make a list of the specific bonds hydrolyzed by different 
proteinases. Compare enzymes of microbial and animal origin. 

10-3 If waste A contained both carbohydrate and protein, and waste B contained protein but no 
carbohydrate, what would be the difference in the purpose for which protein was used in 
biological systems treating the two wastes? Which might foster the greatest diversity of species? 
Explain your answer. 

10-4 What pathway is of major importance in the metabolism of fats? 

10-5 In the text it was stated that 129 molecules of ATP can be synthesized when 1 molecule of 
palmitic acid is oxidized to carbon dioxide and water. Verify this calculation, assuming a P/O 
ratio of 3.0. 

10-6 A certain industrial effluent exhibits the following characteristics: 

COD = 12,000 mg/L, ACOD = 1000 mg/L 
Nitrogen (as NH 3 -N) = 600 mg/L 
Phosphorus = 0 

pH =7.2 (titration curve shows it to be fairly well buffered) 

F = 2 MGD 

Effluent standard: 30 mg/L L 0 , i.e., ultimate carbonaceous BOD; and 30 mg/L suspended solids 

Prepare an outline for a proposal to the mill management in which you describe the information 
that is required in order to proceed with an approach to the functional design of an activated 
sludge process; this includes determination of the volume of the aeration tank V and estimation 
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of the amount of excess sludge X w . Describe how you would obtain the information, ap¬ 
proximately how long it would take, and what your design procedures would be after you obtain 
the needed information. The treatment plant will probably cost approximately $3 million to 
construct. Try to estimate the cost for your “treatability and preliminary functional design 
study." Assume you are in the environmental engineering consulting business and have labora¬ 
tory facilities and equipment. Defend the expense of the study versus proceeding with the 
functional design without it. How would you proceed without it? 

10-7 A certain manufacturing plant produces a waste with a reasonably low BOD? of 280 mg/L. 
Nearly all of the BOD is soluble, and carbohydrates account for most of it. The waste is 
practically devoid of organic or inorganic sources of nitrogen. For several years the waste has 
been treated successfully in a well-mixed and well-aerated lagoon with a stilling basin between 
the aerated portion and the outfall. The mean hydraulic holding time F is 9 days. Phosphorus is 
added, but the operators have never added a source of nitrogen. The effluent has always been low 
in BOD and suspended solids. The plant managers have been told repeatedly by regulatory 
agency people and consulting engineers that they should be adding a nitrogen source. They call 
you in as a consultant to settle the question. How would you approach the situation? What 
questions would you ask? Do you feel that there may be a valid microbiological explanation for 
success without adding nitrogen? 

10-8 The results of a long-term batch study are shown in the accompanying table. Glucose was 
fed to a small inoculum of acclimated cells (heterogeneous microbial population) in a growth 
medium. The experiment was conducted on the Warburg respirometer using 140-ml flasks. The 
oxygen uptake was measured manometrically. At each sampling time, a Warburg flask was 
removed and the contents were analyzed for soluble COD, mixed liquor COD, and biomass 
(suspended solids) concentration. (The data are unpublished results of A. F. Gaudy Jr., C. L. 
Goldstein, and P. A. Perkins.) The flask contents at the 22.5-h sample met with a not altogether 
uncommon misfortune. Alkali from the center well was spilled into the flask. 

(a) Make materials and/or energy balances to determine the percentage recovery at each 
sampling time. Use as many calculation procedures as you can. 

(i>) If the recovery of mass or COD seems reasonable, estimate values for the missing data. 
State the basis for your estimates. 


Time, 

h 

Filtrate 

COD, 

mg/L 

Mixed 

liquor 

COD, 

mg/L 

Biomass, 

mg/L 

O; uptake, 
mg/L 

0 

536 

552 

_ 

_ 

3.25 

504 

552 

— 

6 

6.75 

472 

576 

40 

23 

9.50 

360 

496 

97 

56 

12.00 

219 

424 

170 

109 

14.00 

136 

400 

223 

160 

22.50 

— 

— 

— 

256 

50.50 

80 

248 

153 

317 

75.75 

72 

312 

117 

338 

141.25 

88 

232 

103 

373 

239.25 

92 

120 

30 

404 

329.00 

100 

160 

93 

411 

357.00 

88 

145 

45 

414 


10-9 A wastewater treatment facility has been designed as an extended aeration (total oxidation) 
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activated sludge process. The design conditions are as follows: 

Mean hydraulic detention time F = V/F = 24 h 
Inflowing substrate, carbonaceous BODs, Si = 300 mg/L 
Inflowing nitrogen, ammonia-nitrogen, N : = 40 mg/L 

The applicable biokinetic constants are as follows 

Carbonaceous constants 
/x max = 5.0 day -1 
K s = 75 mg/L 
V, = 0.5 
k d =0.10 day"' 


Nitrification constants 
/w = 0.5 day - ' 

K s =2 mg/L 
Y, = 0.2 
kj = 0.05 day -1 


Calculate (predict) the soluble carbonaceous BOD 5 in the effluent S e and the ammonia-nitrogen 
concentration in the effluent N, for the given design conditions. 

10-10 Describe how the continuous oxidative assimilation process differs from the biosorption 
process. 

10-11 A two-stage nitrification activated sludge plant has been designed so that the first stage 
decreases the carbonaceous BOD 5 to 50 mg/L. Find the volume of the second-stage aeration tank 
if the estimated ammonia-nitrogen concentration exiting the first stage is 30 mg/L and the effluent 
standard for ammonia-nitrogen is 1.0 mg/L. 


F = 10 MGD 


N, = 30 mg/L 
Si = 50 mg/L 


N, = 1.0 mg/L 



1st stage activated sludge 
(carbonaceous) 


2d stage activated sludge 
(nitrification) 


The applicable biological constants are as follows: 


Carbonaceous constants 
fw« = 5.0 day' 1 
K s = 100 mg/L 
y, =0.5 
k d = 0.08 day" 1 


Nitrification constants 
p-max = 0.6 day" 1 
K s = 2 mg/L 
y, =0.15 
k d =0.07 day" 1 


10-12 Table 1 shows dissolved oxygen (“DO sag”) data developed using the open-jar technique 
by placing a known dilution of wastewater in river water and subjecting it to gentle aeration. 
Table 2 shows reaeration curve data obtained after generating the DO sag data. The cells were 
killed with chlorine and sodium sulfite was added to remove the existing DO. The system was 
then monitored for DO. Table 3 shows the field data for the average cross section of the river 
downstream of the wastewater outfall. Plot the predicted DO profile in the river if the DO 
concentration at the point of entry of the waste is 7.0 mg/L. 
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Table 1 


Time, 

h 

DO, 

mg/L 

Time, 

h 

DO, 

mg/L 

Time, 

h 

DO, 

mg/L 

0 

6.55 

38 

0.70 

76 

5.30 

4 

5.40 

40 

1.30 

80 

5.35 

8 

4.25 

44 

2.10 

84 

5.50 

12 

3.25 

48 

2.80 

88 

5.55 

16 

2.35 

52 

3.35 

92 

5.70 

20 

1.40 

56 

3.75 

100 

5.80 

24 

0.90 

60 

4.25 

104 

5.80 

26 

0.35 

64 

4.65 

108 

5.85 

28 

0.48 

68 

4.75 

112 

5.55 

32 

0.60 

72 

5.10 

120 

6.10 


Table 2 

Time, 

h 

DO, 

mg/L 

Time, 

h 

DO, 

mg/L 

Time, 

h 

DO, 

mg/L 

0 

0.2 

2.50 

3.05 

6.50 

5.50 

0.17 

0.38 

3.00 

3.45 

7.00 

5.75 

0.42 

0.68 

3.42 

3.70 

7.50 

6.00 

0.70 

1.08 

4.42 

4.40 

8.50 

6.30 

0.92 

1.39 

5.00 

4.70 

9.17 

6.40 

1.42 

1.90 

5.50 

5.00 

11.42 

7.00 

2.00 

2.60 

6.00 

5.25 

14.67 

7.40 


Table 3 Velocities and depths for river cross section 


Distance from 
left bank, 
ft 

Depth, 

ft 

Velocity, 

ft/s 

0 

0 

0.4 

2 

1.1 

0.5 

4 


0.66 

6 


1.06 

7 

0.7 

1.00 

8 

0.2 

0.70 

10 

0.2 

0.66 

12 

0 

0 
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Velocity, ft/s 

\ 

0.4 0.5 0.66 1.06 1.00 0.7 0.66 0 
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CHAPTER 

_ ELEVEN 

ANAEROBIC METABOLISM 


Anaerobic metabolism is metabolism in which oxygen plays no part, either as 
terminal electron acceptor or as a substrate for oxygenation reactions. In a 
variety of natural habitats, there is continually or intermittently a total 
absence of oxygen. Some of these, such as the depths of the oceans, lack 
nutrients and probably support little metabolic activity. Many anaerobic 
habitats, however, are rich in organic matter; in fact, it is often this abun¬ 
dance of organic matter that is responsible for the anaerobic conditions. In 
swamps, ponds, estuaries, and other bodies of water that contain decaying 
vegetation or in bodies of water that receive organic pollution from human or 
animal sources, large microbial populations develop. The organisms near the 
surface utilize oxygen as rapidly as it becomes available by diffusion from the 
air, and none reaches the lower depths. The anaerobic microorganisms, 
primarily bacteria, are thus a necessary link in the recycling of carbon from 
the anaerobic portions of the biosphere. Humans also utilize anaerobic 
metabolic processes in many important industrial applications and in some 
methods of waste treatment that we will discuss later in this chapter. 

We have described several types of microorganisms that require, or are 
able to adapt to, anaerobic conditions. These may be divided into three broad 
groups based on their means of obtaining energy. As we saw in Chap. 7, there 
are three methods of generating ATP: oxidative phosphorylation, photo¬ 
phosphorylation, and substrate level phosphorylation. All three methods are 
used under anaerobic, as well as aerobic, conditions. 

1. Oxidative phosphorylation can be utilized under anaerobic conditions by 
organisms that are able to use an external inorganic electron acceptor other 
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than oxygen. Bacteria belonging to several different genera are able to 
utilize nitrate when oxygen is unavailable. A few bacterial species, all strict 
anaerobes, use sulfate as an electron acceptor. A very important group of 
obligate anaerobes, the methane-forming bacteria, may be included in this 
group because they use carbon dioxide as electron acceptor, although the 
mechanism of formation of ATP in these organisms is not known. 

2. Photophosphorylation can be used in anaerobic environments by any 
photosynthetic microorganism, since oxygen is not required for photosyn¬ 
thesis. Algal photosynthesis (including that of the cyanobacteria) produces 
oxygen and may aid in preventing anaerobiosis. However, such organisms 
utilize oxygen in the dark, and they flourish near the surface where oxygen 
is available. The photosynthetic bacteria are obligate anaerobes when 
growing photosynthetically, and they develop at depths where oxygen does 
not penetrate if other requirements for growth are available. 

3. Substrate level phosphorylation supplies a minor portion of the ATP 
produced by organisms that utilize oxidative phosphorylation as their 
major source of ATP. However, in fermentative metabolism, substrate 
level phosphorylation is the sole means of producing ATP. In many 
anaerobic environments, fermentation probably accounts for most of the 
dissimilation of organic material. No external electron acceptor is required, 
since metabolic products formed by the organism from the energy source 
are used as electron acceptors. Microorganisms capable of fermentation 
include a great variety of bacterial species—both obligate and facultative 
anaerobes, the facultatively anaerobic fungi, and a few anaerobic protozoa. 
The greatest versatility in the fermentation of different types of organic 
compounds and in the formation of different fermentation products is 
found among the bacteria. 

In this chapter we will examine the general principles that govern fer¬ 
mentation, the reactions involved in the formation of some of the more 
important fermentation products, and some of the natural and engineered 
processes that utilize anaerobic microorganisms. 


SIMILARITIES IN ANAEROBIC AND AEROBIC METABOLISM 

There is no a priori reason why most reactions that do not involve oxygen 
directly could not occur in both aerobic and anaerobic metabolism, and many 
of the reactions we have described previously do occur in both aerobes and 
anaerobes. The major difference between the two types of metabolism, as we 
discussed in Chap. 7, is in the final disposition of the hydrogen removed in 
oxidative reactions. This has a major effect only in organisms that do not 
utilize an external electron acceptor, i.e., in fermentative metabolism. Several 
categories of reactions are essentially identical in aerobes and anaerobes. 
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Anabolic Reactions 

The pathways of biosynthesis are generally the same in both types of 
organism or in the same organism growing under aerobic or anaerobic 
conditions. Reactions involving the direct participation of oxygen are an 
exception, of course, We mentioned one example previously. Yeasts growing 
anaerobically require unsaturated fatty acids as organic growth factors, since 
the pathway used for their synthesis during aerobic growth involves oxygen. 
Obligate anaerobic organisms that are able to synthesize unsaturated fatty 
acids utilize a different pathway that does not require oxygen. Since most 
biosynthetic pathways do not involve the direct participation of oxygen, they 
can be utilized under either aerobic or anaerobic conditions. Prototrophy, the 
ability to grow without organic growth factors, synthesizing all cell material 
from a single carbon source, is more common among aerobic than among 
anaerobic microorganisms, but it is not unknown among anaerobes. Thus, 
there is no dividing line based on biosynthetic abilities or on biosynthetic 
pathways between aerobic and anaerobic metabolism. 


Preparatory Reactions 

The second area of similarity between aerobes and anaerobes is in the 
preparatory reactions of catabolism. These are the reactions by which various 
types of molecules, both polymers and small molecules, are prepared for 
entry into the central pathways. Again, only those reactions that require the 
direct participation of oxygen must necessarily be different under aerobic and 
anaerobic conditions. An example previously mentioned is the utilization of 
aliphatic hydrocarbons, which involves oxygenation by oxygen and is there¬ 
fore restricted to aerobic microorganisms. The aerobic catabolism of aromatic 
compounds also involves the direct participation of oxygen, but recent work 
has shown that different methods of ring cleavage that do not require oxygen 
can be used by anaerobic bacteria (Evans, 1977). Organisms of the groups 
mentioned above are able to utilize aromatic compounds in this way, i.e., 
bacteria that grow photosynthetically (photoorganotrophs), those that utilize 
nitrate as terminal electron acceptor, and those that utilize fermentative 
pathways. Ring cleavage occurs by reduction followed by hydrolysis, rather 
than by oxygenation as in aerobes. It is probable, however, that a greater 
variety of aromatic compounds can be metabolized aerobically than anaero¬ 
bically, since oxygenation reactions are used so commonly in the attack on 
natural and synthetic aromatics (Dagley, 1975). 

Most commonly occurring polymers other than hydrocarbons are 
attacked hydrolytically by microorganisms. Hydrolytic enzymes such as 
amylases, proteinases, lipases, and nucleases are produced by both aerobic 
and anaerobic species. The strictly anaerobic genus Clostridium includes 
many species that are highly active in the production of extracellular 
hydrolytic enzymes. Thus, there is no difference in the methods used by 
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aerobes and anaerobes to degrade the polymers synthesized by plant and 
animal cells. The monomers produced by hydrolysis can then be utilized, as in 
aerobes, for the synthesis of new polymers, or they can be metabolized to 
provide energy and starting material for the synthesis of other required 
compounds, Carbohydrates are the most commonly used substrates for fer¬ 
mentation, but there are some fermentative organisms that prefer compounds 
of other types, i.e., amino acids, organic acids, or nucleic acid bases. Many 
anaerobic organisms are quite limited in the variety of substrates they are 
capable of fermenting, sometimes being able to utilize only a few closely 
related compounds. However, organisms that can derive energy from only a 
limited number of compounds can generally utilize many different compounds 
as carbon source. 

The preliminary steps required to convert various small molecules to 
intermediates of the central pathways generally do not require the parti¬ 
cipation of oxygen and can occur either aerobically or anaerobically. In some 
cases, such as the metabolism of tryptophan, tyrosine, phenylalanine, and 
hydroxyproline, ring cleavage requires oxygen in aerobic microorganisms 
such as Pseudomonas, and at least these steps must be carried out by 
different reactions if they occur in anaerobic bacteria. The cleavage of the 
ring in histidine is hydrolytic, however, in both Pseudomonas and Clos¬ 
tridium. Sugars are rather easily converted to intermediates of the central 
pathways by a few reactions such as phosphorylation and isomerization, with 
no involvement of oxygen. Anaerobes are therefore able to carry out most of 
the conversions of naturally occurring compounds to metabolic intermediates 
in the same way that they are carried out by aerobes. 

Central Pathways 

The third area in which there is similarity in aerobic and anaerobic metabol¬ 
ism is in the central catabolic pathways. In Chap. 9 we examined the 
pathways common to almost all organisms that utilize organic compounds as 
energy sources: the EMP pathway, the TCA cycle, the HMP pathway, and 
also the Entner-Douderoff pathway, which occurs in an important group of 
bacteria. The mode of utilization of these pathways in anaerobic metabolism 
is related to the means of ATP synthesis used by the organism. In bacteria 
that use nitrate as electron acceptor, the central catabolic pathways may be 
used in the same way and for the same purposes as in aerobic metabolism. 
The fact that the electrons removed in oxidative reactions are transferred to 
nitrate rather than to oxygen through an electron transport chain that may 
differ in its components from the chain that utilizes oxygen has no effect on 
the reactions by which the substrate is degraded. Since all such organisms are 
facultative anaerobes that utilize anaerobic respiration only in the absence of 
oxygen, the use of nitrate as terminal electron acceptor affects only their 
ability to metabolize substrates for which oxygenation reactions are required 
and probably, as pointed out in Chap. 7, the amount of ATP synthesized. 
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Substrates used for energy can be oxidized completely to carbon dioxide 
using either oxygen or nitrate as electron acceptor. None of the reactions of 
the central pathways requires the use of oxygen, since all oxidative reactions 
involve the removal of hydrogen. The reactions by which carbon dioxide is 
fixed to synthesize cellular material also do not involve oxygen and can occur 
either aerobically or anaerobically. 

In fermentative bacteria, however, the requirement for use of the 
products of catabolism of the energy source as electron acceptors precludes 
the utilization of pathways that lead to complete oxidation of the energy 
source. The use of the EMP pathway is common in bacteria and fungi that 
ferment carbohydrates, but a complete TCA cycle cannot be used in fer¬ 
mentation. Cyclic use of the HMP pathway, resulting in complete oxidation to 
carbon dioxide, is also impossible in fermentative metabolism. The use of the 
TCA and HMP pathways in fermentative organisms is restricted to those 
reactions required for the synthesis of building blocks for biosynthesis. The 
HMP pathway may be used for the synthesis of ribose 5-phosphate and 
erythrose 4-phosphate, for the generation of reduced NADP, and for inter¬ 
conversions of sugars. The TCA cycle may be utilized for the synthesis of 
a-ketoglutarate and succinate. In organisms that use the TCA cycle for 
synthetic purposes only, i.e., fermentative organisms and autotrophs, cyclic 
operation is prevented by the lack of an enzyme, usually a-ketoglutarate 
dehydrogenase. Succinate, which is required for the synthesis of the heme 
group, is synthesized by reversal of the remaining reactions of the cycle from 
oxalacetate, which is formed by the addition of carbon dioxide to pyruvate 
(see Chap. 9). The Entner-Douderoff pathway can be used for the fer¬ 
mentation of sugars but is used in this way by only one genus of bacteria, 
Zymomonas, since all other known organisms that utilize this pathway are 
strict aerobes. Thus, of the central catabolic pathways described in Chap. 9, 
only the EMP pathway is of central importance in the energy metabolism of 
fermentative microorganisms, whereas other central pathway reactions are 
used for biosynthesis or for the conversion of substrates to intermediates of 
the EMP pathway. 

The restrictions placed on the fermentative degradation of organic com¬ 
pounds by the fact that an external electron acceptor is not used determine 
the pathways that can be used and the products that can be formed. An 
understanding of the principles governing fermentation is essential for under¬ 
standing the anaerobic processes by which organic compounds are degraded, 
and we shall now consider these general principles. 


FERMENTATION BALANCES 

We discussed in Chap. 7 the importance to the cell of reoxidizing reduced 
electron carriers such as NAD. The electron carriers that serve as primary 
electron acceptors, i.e., as cofactors, for oxidative reactions are present at 
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low concentrations in the cell, and the energy metabolism of the cell would 
come to a halt if the reduced electron carriers, primarily NAD, were not 
continually reoxidized by passing electrons to another carrier or to a terminal 
electron acceptor. In organisms that utilize an external inorganic electron 
acceptor, the reoxidation of reduced NAD presents no problem. However, the 
synthesis of electron acceptors is a major problem in fermentative metabol¬ 
ism, and the mix of products resulting from the use of different electron 
acceptors is one of the distinguishing characteristics of the different genera 
and species of fermentative microorganisms. 

The fact that all hydrogen removed from the energy source in the 
oxidative reactions that release energy must be used to reduce some degrada- 
tive product of the energy source (unless it can be released as hydrogen gas) 
means that no net oxidation can be achieved in fermentation. The oxidation 
level of all the products taken together must be the same as that of the 
starting material, the energy source. Fermentation can, and usually does, 
occur in the total absence of oxygen. Any oxygen introduced into the 
products of fermentation is derived from water. The addition or removal of 
water does not alter the oxidation level of the substrate. (Addition of water is, 
in effect, simultaneous and equivalent oxidation and reduction.) The oxida¬ 
tion-reduction state of an organic compound is calculated by comparing it 
with that of water. Hydrogen is arbitrarily assigned a value of -0.5 and 
oxygen a value of +1. The oxidation state of water, or of any compound 
containing hydrogen and oxygen in a ratio of 2:1, e.g., carbohydrates, is thus 
0. Nitrogen is assigned a value of +1.5 since, in the catabolism of nitrogen- 
containing substrates, nitrogen is released as ammonia, which accounts for 
the removal of three atoms of hydrogen (—1.5). The oxidation state of 
ammonia, like that of water, is thus 0. 

In studies of fermentation, it is necessary to recover, identify, and 
quantitate all products formed from the energy source. A fermentation 
balance is calculated as a check on the recovery of products. In anaerobic 
metabolism, such a balance is analogous to the aerobic balances discussed in 
Chap. 10, except that in obtaining data for a fermentation balance, the 
experiment is conducted under conditions that preclude the use of the energy 
source for the synthesis of cell material. This is accomplished by using 
washed nonproliferating cells in a medium that does not allow growth, e.g., 
one containing no nitrogen source, or more commonly by adding a mixture of 
organic growth factors in excess, e.g., tryptone and yeast extract, to serve as 
carbon source. Under these conditions, it has been shown by using radioac¬ 
tive glucose as energy source that none of the glucose is used for the 
synthesis of cell material since no radioactivity is found in the cells. The 
amount of energy source used is determined analytically. The recovery of 
energy source as products is calculated on the basis of carbon recovered. The 
oxidation state of each product is also calculated, and the overall oxida¬ 
tion/reduction (O/R) balance is determined. If the carbon recovery is low, the 
calculated O/R balance provides a clue to the nature of the missing product 
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by indicating whether its oxidation state is higher or lower than that of the 
substrate. 

The principle of the fermentation balance can be illustrated with several 
examples of fermentations, for which we can write simplified equations using 
only the principal products. 

Example 1 The lactic acid fermentation of Streptococcus: 

C 6 H 12 0 6 2C 3 H 6 0 3 (11-1) 

glucose lactic acid 

6 6 carbon atoms 

0 0 oxidation state 

Example 2 The alcoholic fermentation of yeast: 

C, 2 H 22 O n + H 2 0 4C0 2 + 4C 2 H 5 OH (11-2) 

sucrose water carbon dioxide ethanol 

12 0 4 8 carbon atoms 

0 0 4(+2) 4{-2) oxidation state 

Example 3 The mixed acid fermentation of Escherichia coli : 

2C 6 H 12 0 6 + H 2 0-+ 2C 3 H 6 0 3 + 2C0 2 + 2H 2 

glucose water lactic acid carbon hydrogen 

dioxide 

12 0 6 2 0 carbon atoms 

0 0 0 2(+2) 2(— 1) oxidation state 

+ C 2 H<0 2 +C 2 H 5 OH (11-3) 

acetic acid ethanol 

2 2 carbon atoms 

0 -2 oxidation state 

In each of the examples, the equation is balanced, which means, of 
course, that all the carbon of the energy source is accounted for in the 
products and that the O/R level of the products is the same as that of the 
substrate, because there are equal amounts of oxygen and hydrogen on both 
sides of the equation. 

Actual fermentations can seldom be described by such simple equations 
as those we have used for illustrative purposes. Small amounts of minor 
products are usually formed and molar ratios are not integral. Table 11-1 
shows the products formed in eight actual fermentations of glucose by 
various microorganisms. The first three columns show data for the fer¬ 
mentations used in the examples above [Eqs. (11-1), (11-2), and (11-3)]. In 
each case, the actual fermentation is more complex than the simplified 
equation indicates because of the formation of relatively small amounts of a 
variety of products other than the major ones that are typical of each 
fermentation type. Formation of these minor products varies with the in¬ 
dividual strain and often with the pH and temperature. 
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Table 11-1 Products formed in fermentation of glucose by microorganisms 

Millimoles of product per 100 mmol of glucose fermented by organism 


5 

3 


Products 

Yeast 1 

Streptococcus 
faecalis 2 

Escherichia 

coli y 

Aerohacter 
indologenes 4 

Propionibacter 
arabinosum 5 

Butyribacteriu 

rettgeri*’ 

Clostridium 
butylicum 7 

Clostridium 

acetobutylicum 

Butyric acid 

0.21 

_ 

_ 

_ 

_ 

29 

17.2 

4.3 

Lactic acid 

1.37 

146 

79.5 

2.9 

— 

107 

— 

— 

Acetic acid 

15.1 

18.8 

36.5 

0.47 

10.0 

88 

17.2 

14.2 

Formic acid 

0.49 

33.6 

2.43 

17.0 

— 

— 

— 

— 

Succinic acid 

0.68 

— 

10.7 

— 

7.8 

— 

_ 

_ 

Butanol 

— 

— 

— 

— 

— 

— 

58.6 

56 

Ethanol 

129.9 

14.6 

49.8 

69.5 

— 

— 

— 

7.2 

Acetone 

— 

— 

— 

— 

— 

— 

— 

22.4 

Isopropanol 

Carbon 

— 

— 

— 

— 

— 

— 

12.1 

— 

dioxide 

148.5 

— 

88.0 

172.0 

63.6 

48 

203.5 

221 

Hydrogen 

— 

— 

75.0 

35.4 

— 

74 

77.6 

135 

2,3-Butanediol 

0.68 

— 

0.3 

66.4 

— 

— 

— 

— 

Glycerol 

32.3 

— 

1.42 

— 

— 

— 

— 

— 

Acetoin 

Propionic 

0.19 

— 

0.059 

— 

— 

— 

— 

6.4 

acid 

— 

— 

— 

— 

148.8 

— 

— 

— 


'A. C. Neish and A. C. Blackwood. 1951. Can. J. Technol. 29:123. 

J T. B. Platt and E. M. Foster. 1958. J. Bacteriol. 75:453. 

’J. L. Stokes. 1949. J. Bacteriol. 57:147. 

4 H. Reynolds and C. H. Werkman. 1937. J. Bacteriol. 33:603. 

! H. G. Wood and C. H. Werkman. 1936. Biochem. J. 30:618. 

6 L. Pine, V. Haas, and H. A. Barker. 1954. J. Bacteriol. 68:227. 

7 0. L. Osburn, R. W. Brown, and C. H. Werkman. 1937. J. Biol. Chem. 121:685. 

8 J. B. van der Lek. 1930. Ph.D. Thesis. Technische Hoogeschool, Delft, Holland. 

We will use the fermentation by Clostridium acetobutylicum to illustrate 
the calculation of a fermentation balance (see Table 11-2). 

1. The numbers in col. (1) of the table were taken from Table 11-1 and were 
obtained by dividing the concentration of each product, as determined by 
the appropriate analytical procedure, by the difference in the initial and 
final concentrations of glucose, also determined by analysis, and multiply¬ 
ing by 100. These numbers represent the number of millimoles of each 
product formed per 100 mmol of glucose fermented. 

2. The carbon recovery is calculated by converting millimoles of product to 
millimoles of carbon by multiplying each number in col. (1) by the number 




FERMENTATION BALANCES 527 


Table 11-2 Calculation of a fermentation balance* 


Products 

(1) 

(2) 

(3) 

(4) 

(5) 

Butyric acid 

4.3 

17.2 

-2 


-8.6 

Acetic acid 

14.2 

28.4 

0 



Carbon dioxide 

221 

221 

+ 2 

+442 


Hydrogen 

135 

— 

-1 


-135 

Ethanol 

7.2 

14.4 

-2 


-14.4 

Butanol 

56 

224 

-4 


-224 

Acetone 

22.4 

67.2 

-2 


-44.8 

Acetoin 

6.4 

25.6 

-3 


-19.2 



597.8 


+ 442 

-446 

Carbon recovery 

= 597.8/600 x 100 = 

99.6% 



O/R balance = 442/446 = 0.99 





‘Columns: 

(1) mmol of product formed/100 mmol of glucose fermented 

(2) mmol of carbon = mmol of product x no. of carbon atoms in 
molecule 

(3) O/R state of product = (no. of oxygen atoms in molecule) 
— 0.5(no. of hydrogen atoms in molecule) 

(4) oxidized products; col. (l)xcol. (3), for products with positive 
values 

(5) reduced products; col. (l)xcol. (3), for products with negative 
values 


of carbon atoms in the molecule. For example, butyric acid is a four- 
carbon acid, CH3CH2CH2COOH, so the number of millimoles of carbon 
present as butyric acid can be calculated to be 4 x 4.3 = 17.2. The sum of 
col. (2) represents the total amount of carbon recovered as products. Since 
100 mmol of glucose contains 600 mmol of carbon, the percentage recovery 
of carbon is calculated by dividing the total number of millimoles of carbon 
found in the products by 600. 

3. The oxidation state of each product is calculated, as described previously, 
by assigning a value of +1 to each oxygen atom in the molecule and -0.5 
to each hydrogen atom. These values are listed in col. (3). 

4. The overall oxidation-reduction state of the products is calculated by 
multiplying the number of millimoles of each product by its O/R value, i.e., 
col. (l)xcol. (3). The values are entered in separate columns—those for 
oxidized products (positive values) in col. (4) and those for reduced 
products (negative values) in col. (5), and the columns are totaled. Since 
the starting material, glucose, had an oxidation state of 0, the totals for 
oxidized and reduced products should agree; i.e., the ratio 
oxidized/reduced should be 1.0. This ratio is calculated as the O/R value 
for the overall product mix. 

The fermentation used as an example for calculation meets both the 
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requirements for a satisfactory balance: (1) essentially all of the carbon of the 
energy source that disappeared from the medium was recovered as identified 
products, and (2) no net oxidation occurred, as shown by the near equality of 
oxidized and reduced products. 

Additional calculations are sometimes made. Fermentation balances are 
valuable in providing preliminary evidence concerning the metabolic pathway 
used by the organism. Since the predominant pathway for fermentation of 
sugars is the EMP pathway, which involves the splitting of a hexose into two 
C 3 fragments, calculations are sometimes made on the basis of a three-carbon 
unit. Amounts of products are expressed as the number of millimoles per 
100 mmol of C 3 . This allows prediction of the millimolSs of C, product 
expected, since a C 2 product should be formed by a split of C 3 ^C, + C 2 . 
Similarly, a C 4 product would usually be formed from two C 3 units, with the 
accompanying formation of two C| products. If the amounts of C, products 
found do not agree with the calculated expected amounts in a balance that is 
otherwise satisfactory, it can be concluded that the pathway involved in 
formation of the products is not the usual one, and further investigation is 
required. 


FORMATION OF COMMON PRODUCTS IN FERMENTATION OF 
SUGARS 

Sugars are the energy sources most commonly used by fermentative micro¬ 
organisms, and the products listed in Table 11-1 are those most frequently 
formed in these fermentations. Before we examine the overall fermentation 
patterns of the major groups of fermentative microorganisms, it is important 
to describe the reactions by which each of these fermentation products is 
formed. Some major differences are known to exist in the pathways used by 
different organisms to form the same product. Most products, however, are 
probably formed by identical reactions in a variety of species. We will 
examine some of the known differences because they show the evolutionary 
development of different mechanisms for accomplishing the same result. 
Some of these differences are thought to have ecological significance in that 
the fermentation pattern of the microorganism may represent an adaptation 
that is advantageous for survival in its normal habitat. 

Formation of Pyruvate from Glyceraldehyde 3-Phosphate 

Most of the products formed in the fermentation of sugars originate from 
pyruvate, and it is desirable to set the stage for these further reactions by 
reviewing the essential features of the lower portion of the EMP pathway. In 
Chap. 9 we described three central catabolic pathways, the EMP, HMP, and 
Entner-Douderoff (E-D) pathways, all of which lead to the formation of 
glyceraldehyde 3-phosphate. All three pathways use a common reaction 
sequence, the lower EMP, to convert glyceraldehyde 3-phosphate to pyru- 
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vate, although in the E-D pathway, one molecule of pyruvate is formed 
directly from the hexose 2-keto-3-deoxy-6-phosphogluconate. We shall des¬ 
cribe below another pathway by which glyceraldehyde 3-phosphate is form¬ 
ed—the heterolactic fermentation. 

The two considerations of particular relevance in fermentation are the 
reactions involving ATP and NAD. Regardless of the reactions by which 
glyceraldehyde 3-phosphate is formed, the phosphate group represents the 
investment of one molecule of ATP. In the conversion of glyceraldehyde 
3-phosphate to pyruvate, that ATP is regained and a second ATP is syn¬ 
thesized, yielding a net gain of one ATP molecule per molecule of gly¬ 
ceraldehyde 3-phosphate. The pyruvate formed from hexose in the E-D 
pathway represents no gain or loss of ATP. It does, however, result from an 
oxidation, as does the pyruvate formed from glyceraldehyde 3-phosphate. The 
formation of pyruvate from a sugar necessarily represents an oxidation, i.e., a 
reduction of NAD, because the oxidation state of pyruvate is +1, whereas 
that of all sugars is 0. Thus, beginning from a hexose such as glucose, for each 
molecule of pyruvate produced, one molecule of NAD has been reduced. If 
the lower EMP pathway was used to form the pyruvate, one molecule of ATP 
has been gained for each molecule of pyruvate produced. This is the situation 
in almost all organisms that ferment sugars, since most use the EMP pathway 
in whole or in part. 

As we have stated, pyruvate is the pivotal compound in the catabolism of 
sugars. All the products listed in Table 11-1 except glycerol can originate from 
pyruvate. The reactions leading from pyruvate to the final fermentation 
product accomplish two results: (1) they oxidize the NADH 2 produced in the 
reactions that lead to pyruvate, and (2) they may generate additional ATP by 
substrate level phosphorylation. The first result is essential; the second is 
desirable since anaerobic growth is limited by ATP. It will be recalled that 
growth in a fermentative organism is strictly proportional to the amount of 
ATP produced (see Chap. 7). Y ATP is 10 mg of cells (dry weight) per millimole 
of ATP produced. Not all fermentations produce ATP beyond that generated 
in forming pyruvate, and those that utilize pathways other than the EMP 
generally form less ATP and therefore allow less growth than do fer¬ 
mentations that form pyruvate through the EMP reactions. In any fer¬ 
mentation it is only necessary that there be at least one reaction that 
generates net ATP by substrate level phosphorylation and at least one set of 
coupled reactions by which NAD is reduced and reoxidized. The reduction of 
NAD in most fermentations occurs when glyceraldehyde 3-phosphate is 
oxidized to 3-phosphoglycerate. We shall now examine the reactions used by 
various microorganisms to reoxidize the reduced NAD. 

Formation of Lactic Acid 

Lactic acid is possibly the most common product of the fermentation of 
sugars. It is produced from a variety of sugars by many different types of 
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microorganisms. It is the major product in most fermentations utilized by the 
dairy industry in the manufacture of such products as buttermilk, sour cream, 
yogurt, and some types of cheese. 

The production of lactic acid is the simplest solution to the problem of 


finding an acceptor for the hydrogen removed 
pyruvate, since pyruvate itself is the acceptor. 

in the pathway that leads to 

C—OH 

/° 

C—OH 

i_ rk NADH, NAD 

HCOH (11-4) 

1 

CH 3 

CHj 

pyruvic acid 

lactic acid 


Lactic acid is a major or minor product of many fermentations, but it is 
especially important in the group of Gram-positive cocci commonly called the 
lactic acid bacteria and in several closely related genera, one of which, the 
rod-shaped Lactobacillus, is also included among the lactic acid bacteria. 
These organisms are divided into two subgroups: the homolactics or homo¬ 
fermenters and the heterolactics or heterofermenters. The homolactics in¬ 
clude all species of Streptococcus and some species of Lactobacillus, and it is 
these organisms that are used in most dairy industry fermentations. They 
metabolize sugars through the EMP pathway and convert pyruvate totally or 
almost totally to lactic acid. Under carefully controlled conditions, some 
strains of Streptococcus convert 98 percent of the available sugar to lactic 
acid. Most species form variable amounts of other products such as acetic 
acid, formic acid, and ethanol (see S. faecalis in Table 11-1). 

The heterolactics include all species of Leuconostoc and some species of 
Lactobacillus. These organisms possess a unique pathway found only in the 
lactic acid bacteria. This pathway is sometimes called the anaerobic pentose 
pathway or the phosphoketolase pathway, the latter name derived from the 
unique enzyme of the pathway. The pathway is shown in Fig. 11-1. The 
metabolism of hexoses through this pathway results in the formation of only 
one molecule of ATP per molecule of glucose, and it is thus only half as 
efficient in the production of ATP as is the homofermentative path through 
the EMP route. Acetylphosphate represents a potential ATP, but the phos¬ 
phate bond energy is not conserved since acetylphosphate must be used 
as an acceptor for the hydrogen removed in the oxidation of glucose 
6-phosphate to ribulose 5-phosphate. When pentoses are fermented via the 
phosphoketolase pathway, acetyl phosphate is not required as hydrogen 
acceptor and two molecules of ATP are gained per molecule of pentose. At 
least some of the homolactics are able to use the phosphoketolase pathway for 
the fermentation of pentoses, but they do not use it for hexoses. The products 
of the heterolactic fermentation of hexose sugars are lactic acid, carbon 
dioxide, and ethanol, 1/1/1, while pentoses yield a 1/1 ratio of lactic acid and 
acetic acid. 
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Figure 11-1 The heterolactic pathway (phosphoketolase pathway). Hexoses are fermented to lactic 
acid, ethanol, and carbon dioxide. 
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The formation of ethanol, acetic acid, and carbon dioxide in the phos- 
phoketolase pathway involves an unusual mechanism of formation of the C 2 
products. In most fermentations, these products are formed as a result of the 
decarboxylation of pyruvate by one of several mechanisms. 


Decarboxylation of Pyruvate 

In aerobic metabolism, pyruvate is decarboxylated by an oxidative reaction in 
which NAD is reduced and carbon dioxide and acetyl-CoA are formed. 


.0 

C—OH 
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CoASH 


C0 2 


/> 
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In anaerobic metabolism, the major objective of reactions that convert 
pyruvate to various fermentation products is the reoxidation of the NAD that 
has already been reduced. Reaction (9-15) therefore seldom occurs in fer¬ 
mentative organisms, and the Ci-C 2 split of pyruvate is accomplished by other 
means. 

In yeast (and in some bacteria), pyruvate is decarboxylated without 
oxidation to form acetaldehyde. 


C—OH 
C=0 
CH 3 

pyruvic acid acetaldehyde 

In reaction (11-5), the hydrogen remains with the C 2 product. 

At least two mechanisms are utilized by some bacteria to remove two 
hydrogen atoms along with the Q fragment without reducing an electron 
carrier. In the enterics, the products of the Cj-C 2 split are formic acid and an 
acetyl fragment [Eq. (11-6)]. The C 2 product has been oxidized from the 
aldehyde to the acid level by the removal of two hydrogen atoms, and 
acetyl-CoA can be formed as it is in the aerobic reaction but without the 
reduction of NAD. 
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In Clostridium, the C 2 fragment is also oxidized with the resultant 
formation of an acetyl fragment. Hydrogen is removed in this case as H 2 
(gas), and acetyl-CoA or acetylphosphate is produced. 


CoASH /P 

—^-* C0 2 + H 2 + CHjC—SCoA (11-7) 

acetyl-CoA 

The ability to remove hydrogen, i.e., to oxidize, without the reduction of 
NAD provides the organism with an acceptor for an additional two hydrogen 
atoms, which can be used to advantage by often allowing the formation of 
additional ATP [see Eq. (11-10)]. 
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CH 3 
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Formation of ethanol In yeast, the acetaldehyde formed by decarboxylation of 
pyruvate is used as the hydrogen acceptor for reoxidation of the NADH 2 
formed in the pathway to pyruvate. 

NADH 2 NAD 

CHj—C—H --► CH 3 CH 2 OH (11-8) 

acetaldehyde ethanol 

The two major fermentation products are thus accounted for by reactions 
(11-5) and (11-8); the fermentation is balanced when glucose or another 
hexose is converted to two molecules each of carbon dioxide and ethanol. 

In bacteria that are able to remove two hydrogen atoms from pyruvate as 
either H 2 or formic acid, one molecule of acetyl-CoA or acetylphosphate can 
accept four hydrogen atoms; that is, one molecule can accept the hydrogen 
from two molecules of NADH 2 . As we noted previously in the heterolactic 
fermentation, the energy of the thiolester or phosphate bond cannot be 
conserved when the molecule is reduced. The reactions forming ethanol are 
the same as those in the heterolactic pathway (see Fig. 11-1). 
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Formation of acetic acid When glucose is converted to two molecules of 
pyruvate, with the reduction of two molecules of NAD, both molecules of 
pyruvate are then converted to acetyl-CoA or acetylphosphate, and one mole¬ 
cule of the latter is reduced twice to form ethanol, the other molecule is not 
needed as a hydrogen acceptor. This allows the organism to conserve the 
bond energy of acetylphosphate by synthesizing ATP. The CoA and phos¬ 
phate derivatives are equivalent and interconvertible, as we have seen pre- 



534 ANAEROBIC METABOLISM 


viously. The acetyl-CoA formed by the enterics is converted to acetyl- 
phosphate, which is then used as phosphate donor for the synthesis of ATP. 
The acetyl-CoA or acetylphosphate formed by Clostridium can be used for 
the same purpose. 
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H,P0 4 
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ADP ATP /P 
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( 11 - 10 ) 


Each mole of acetic acid that appears as a product of fermentation may thus 
be assumed to represent an additional net gain of 1 mol of ATP, beyond the 
2 mol of ATP per mole of glucose formed in the pathway to pyruvate. 


Formic acid, carbon dioxide, and hydrogen In Eq. (11-3), the basic fer¬ 
mentation pattern of E. coli (excluding minor products) shows the production, 
from 2 mol of glucose, of 2 mol each of lactic acid, carbon dioxide, and 
hydrogen, and 1 mol each of ethanol and acetic acid. These products might be 
expected if the fermentation were carried out at a pH slightly below 7. At a 
pH above neutral, the production of carbon dioxide and hydrogen would be 
drastically decreased and that of formic acid would be proportionately in¬ 
creased. The reciprocal relationship between the amounts of carbon dioxide 
plus hydrogen and formic acid results from the fact that carbon dioxide and 
hydrogen are produced exclusively from formic acid in the mixed acid 
fermentation that is carried out by E. coli and some other enteric bacteria. 
The enzyme formic hydrogenlyase acts upon formic acid to produce carbon 
dioxide and hydrogen. 



HC—OH -»H 2 + C0 2 (11-11) 

formic acid 


Depending on the strain and the pH, variable amounts of formic acid may 
be degraded, with the remainder appearing as a fermentation product. Some 
of the enterics lack the ability to synthesize formic hydrogenlyase and 
therefore accumulate formic acid. The formation of hydrogen is detected in 
fermentation tests by trapping the gas in a tube inverted in the fermentation 
broth. “Gas production” in a sugar fermentation test means hydrogen 
production, since carbon dioxide is too soluble in ordinary media to be 
detected as a gas. The production of gas is generally used as one criterion for 
distinguishing between the nonpathogenic gas-forming enterics, such as E. 
coli and Enterobacter, and the pathogenic lactose-fermenting Shigella species 
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and Salmonella typhi, which do not produce gas. This is not a totally 
dependable criterion, since strains of E. coli that do not produce hydrogen 
have been isolated from natural sources and can be isolated readily in the 
laboratory after treatment with mutagenic agents. Since the production of 
hydrogen is dependent on the ability to synthesize the single enzyme, formic 
hydrogenlyase, mutation causing loss of the enzyme can occur. This will have 
no effect on the survival of the organism in its natural habitat, the well- 
buffered intestine (loss of the enzyme does increase the amount of acid 
produced during fermentation). 

Formation of Acetoin and Butanediol 

The products whose formation has been described thus far are typical of the 
mixed acid fermentation of E. coli and certain other enterics. In Chap. 8 we 
discussed the importance of the fermentation type in identifying the enterics, 
particularly in distinguishing between E. coli and Enterobacter. The two types 
of fermentation are readily distinguished by the MRVP tests. Organisms with 
a mixed acid fermentation pattern produce sufficient acid to reach the pH at 
which methyl red changes color, approximately 4.5, and are thus MR + . These 
organisms also produce a green sheen on colonies grown on eosin-methylene 
blue-lactose (EMB-lactose) agar due to precipitation of the dyes at low pH. 
The second type of fermentation found among the enterics is the butanediol, or 
butylene glycol, fermentation, in which much of the energy source is con¬ 
verted to 2,3-butanediol rather than to acids (see Aerobacter indologenes in 
Table 11-1; this species is no longer recognized but the fermentation pattern is 
typical of the species formerly classified as Aerobacter and now placed in the 
genera Enterobacter and Klebsiella ). Because much of the carbon is diverted 
to butanediol formation, reducing the amount of acids formed, the pH does 
not drop sufficiently to be detected by a methyl red indicator or to produce a 
green sheen on EMB-lactose agar. Butanediol producers are therefore typic¬ 
ally MR". The Voges-Proskauer test detects butanediol or acetoin, and 
organisms with a butanediol fermentation are therefore VP + . Organisms that 
have the mixed acid fermentation do not produce butanediol and are VP". 
Thus, E. coli is MR + VP“, while Enterobacter is MR"VP + . 

The pathway of formation of butanediol is shown in Fig. 11-2. Two 
molecules of pyruvate are condensed with the elimination of carbon dioxide. 
A second decarboxylation results in the formation of acetoin (acetylmethyl 
carbinol), which serves as the hydrogen acceptor in the reoxidation of one 
molecule of NADH 2 . Acetoin may appear in small amounts as a final fer¬ 
mentation product if NADH 2 is reoxidized in other reactions. 

The formation of butanediol is not restricted to the enterics. Several of 
the facultative anaerobic species of Bacillus produce butanediol as a major 
product of sugar fermentations. Small amounts are also produced by other 
microorganisms. Yeasts probably use a different pathway for its formation 
(Doelle, 1975). 
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Figure 11-2 The formation of 2,3-butanediol from pyru¬ 
vate. 


Formation of Acetone and Isopropanol 

A number of saccharolytic species of Clostridium and at least one species of 
Bacillus form acetone in the fermentation of sugars. One species, C. butyli- 
cum, is able to use all or part of the acetone as hydrogen acceptor, converting 
it to isopropanol. 
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The reaction sequence begins with the condensation of two molecules of 
acetyl-CoA, which are formed from pyruvate by the reaction shown in Eq. 
(11-7). The entire pathway is shown in Fig. 11-3. This pathway results in the 
conversion of two molecules of pyruvate to three molecules of carbon 
dioxide, two of hydrogen, and one of acetone. It wastes energy because 
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Figure 11-3 The formation of 
acetone from pyruvic acid. In C. 
butylicum, acetone may serve as 
electron acceptor and be reduced 
to isopropanol. 
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acetyl-CoA represents a potential ATP. It also produces no electron acceptor 
except in C. butylicum, which can reduce acetone to isopropanol. The only 
apparent advantage to the organism of forming acetone rather than acetic acid 
is that acetone is a neutral product. Both acetone and butanol, the other 
product of the “solvent” fermentation of Clostridia, are formed during the 
latter part of the fermentation in a batch system when the pH has dropped to 
about 4.0. The acids already produced can be converted to neutral products, 
butanol, acetone, and sometimes ethanol, thus raising the pH. 

The acetone-butanol fermentation of Clostridia was an important source 
of these solvents for industrial use during World War I and is still used to 
some extent in their production. As the present source of solvents, petroleum, 
becomes more scarce and expensive, the microbiological production of these 
and other fermentation products may be expected to increase in importance. 


Formation of Butyric Acid and Butanol 

A pathway that utilizes the same initial steps as those used in the formation of 
acetone is that leading to the formation of butyric acid. The reaction sequence 
shown in Fig. 11-4 is similar to that used for the synthesis of fatty acids in 
mammalian cells. In discussing the reactions by which succinate is converted 
to oxalacetate in the TCA cycle, we pointed out the utility of a series of 
reactions in which double bonds are created by the removal of two hydrogen 
atoms or of water and the possibility of creating hydrogen acceptors by this 
means or of introducing oxygen into a molecule by adding water to a double 
bond. In fermentation, we can imagine that the organism looks at any double 
bond, whether a C=C bond or a C=0 bond, as a site for the disposition of two 
hydrogen atoms. In the pathway to butyrate, two such opportunities occur so 
that both molecules of NADH 2 formed in the pathway to the two pyruvates 
used to synthesize butyrate are reoxidized. 

When the pH reaches about 4.0, due to the formation of acetic and 
butyric acids, the enzymes of the pathway leading to acetone become active. 
The use of acetoacetyl-CoA for the formation of acetone competes with the 
use of the same compound for the synthesis of butyric acid. Since no NADH 2 
is reoxidized in the synthesis of acetone, another hydrogen acceptor must be 
found; butyric acid is used for this purpose and is reduced to butanol. This 
reduction and the use of some of the acetic acid to form acetone or ethanol 
causes an increase in pH as the acids are removed from the medium. 

The thiolester bond energy of acetyl-CoA and butyryl-CoA is at least 
partially conserved by transferring the CoA from one molecule to another. It 
is probable that butyric acid is converted to butyryl-CoA before being 
reduced to butyraldehyde. Conversion of butyrate to butyryl-CoA would 
require the use of an ATP molecule to phosphorylate butyric acid to butyryl- 
phosphate, which could then exchange phosphate for CoA. However, a 
transfer of CoA has been shown to occur in which acetoacetyl-CoA donates 
its CoA to butyric acid. 
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Figure 11-4 The formation of 
butyric acid from pyruvic acid. 
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Since the CoA must be removed from acetoacetyl-CoA before it is 
decarboxylated to acetone, this transfer reaction is a mechanism for con¬ 
servation of energy that would otherwise be wasted. A similar exchange 
occurs in the formation of butyric acid from butyryl-CoA. It is theoretically 
possible that butyryl-CoA could be converted to butyrylphosphate, which 
could serve as the phosphate donor for ATP formation, and this may occur in 
some species. Another method of conserving the bond energy of butyryl-CoA 
is transfer of the CoA to acetic acid to form acetyl-CoA [Eq. (11-13)], which 
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can be used to synthesize ATP through acetylphosphate [Eq. (11-10)] or can 
recycle through acetoacetyl-CoA. 


Formation of Propionic Acid 

The propionic acid fermentation, carried out by bacteria of the genus Pro- 
pionibacterium, is important industrially because of its use in the manufacture 
of Swiss cheese. The major products are propionic acid and carbon dioxide, 
with smaller amounts of acetic acid and succinic acid. The acids, primarily 
propionic, are responsible for the distinctive flavor and odor of Swiss cheese, 
and the holes are formed by the production of large quantities of carbon 
dioxide. Sugars are readily fermented by these organisms, but in the making 
of Swiss cheese it is the lactic acid produced by the lactic acid bacteria that is 
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Fumaric acid 


Figure 11-5 The propionic acid fermentation of Propionibacterium. 


fermented by the propionibacteria. The pathway, shown in Fig. 11-5, is a very 
interesting and unusual one, which was elucidated only after many years of 
research. The pathway to propionic acid furnishes excess capacity for the 
reoxidation of NADH 2 , allowing acetyl-CoA to be formed from pyruvate by 
oxidative decarboxylation. The acetyl-CoA is then converted to acetyl- 
phosphate and used to synthesize ATP. 

Propionic acid is also a fermentation product of one species of Clos¬ 
tridium, using a different pathway that has not been studied completely. The 
Gram-negative coccus Veillonella also produces propionic acid by a pathway 
similar to that used by Propionibacterium. 
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Propionic acid is a significant component of the volatile acids in an 
anaerobic digester. It may be formed from carbohydrates by organisms using 
the pathway shown in Fig. 11-5 or by the clostridial pathway. Propionic acid 
also may be formed in the digester as an end product of the metabolism of 
fatty acids that contain odd numbers of carbon atoms. In Chap. 10 we saw 
that after the metabolism of odd-numbered fatty acids by /3-oxidation, the 
final three carbons remaining as propionyl-CoA are converted to succinyl- 
CoA and are oxidized to carbon dioxide through the TCA cycle. Since 
anaerobes cannot use the TCA cycle in its entirety, anaerobic metabolism of 
odd-numbered fatty acids would produce propionic acid as an end product. 

Formation of succinic acid Succinic acid is formed as an intermediate in the 
cyclic pathway that leads to propionic acid, and small amounts of it usually 
appear as a product of the fermentation. Succinic acid is also produced in 
relatively small amounts in other fermentations, e.g., the mixed acid fer¬ 
mentation of the enterics. Succinic acid is formed by the reversal of the TCA 
cycle reactions between succinate and oxalacetate. When the cyclic pathway 
producing propionate is in operation, oxalacetate is formed from pyruvate by 
transcarboxylation, i.e., the transfer of a Ci fragment from methylmalonyl- 
CoA to pyruvate. However, if succinate is removed from the cycle to appear 
as a fermentation product, pyruvate must be converted to oxalacetate by a 
different reaction to replace the succinate removed. Also, when the pathway 
is initiated, there must be a means of synthesizing oxalacetate from pyruvate. 
Other organisms that produce succinate as a fermentation product must 
synthesize oxalacetate by some means other than that shown in Fig. 11-5. The 
five known reactions by which carbon dioxide can be fixed to produce either 
oxalacetate or malate were shown in Fig. 9-7. 


Formation of Glycerol 

Glycerol, unlike most products of sugar fermentations, is not formed from 
pyruvate. Its synthesis from dihydroxyacetone phosphate, an EMP inter¬ 
mediate, is shown in Fig. 11-6. Glycerol is a major product of the fer¬ 
mentation of sugars by some species of Bacillus and is formed in variable 
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Figure 11-6 Formation of glycerol in fermentation. 
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amounts by many fermentative microorganisms. The enzymes required for its 
formation are probably present in most microorganisms. The immediate 
precursor of glycerol, a-glycerol phosphate, is used in the synthesis of 
phospholipids, which are an essential component of all cellular membranes. A 
phosphatase capable of removing the phosphate group of a-glycerol phos¬ 
phate and of a number of other phosphorylated compounds, i.e., an enzyme 
of relatively low specificity, is found in many cells. 

The formation of glycerol wastes energy, since the phosphate group 
removed by hydrolysis was derived from ATP, and the conversion of dihy- 
droxyacetone phosphate to pyruvate would result in the synthesis of two 
molecules of ATP. Thus, the real cost to the cell is three ATP molecules per 
molecule of glycerol, since one ATP is consumed and two potential ATPs are 
not formed. In yeast and probably also in other organisms, the formation of 
glycerol as an end product of fermentation is influenced by pH. Under 
alkaline conditions, less ethanol and more glycerol appear as products. 
Glycerol formation can be forced by adding sodium sulfite or other com¬ 
pounds that react with acetaldehyde, preventing its use as an electron ac¬ 
ceptor in the yeast fermentation. This process has been used industrially in 
the manufacture of glycerol. 


MAJOR SUGAR FERMENTATIONS 

The pathways to the individual end products of the fermentation of sugars we 
have described are used in fairly specific combinations by different groups of 
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Figure 11-7 The fermentation patterns of the homolactics (lactic acid fermentation) and of yeasts 
(alcohol fermentation). Only the major products are shown. 
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microorganisms. These typical fermentation patterns have been given names 
that are usually taken from the major product or a product unique to that 
fermentation. Thus, we speak of the alcoholic fermentation of yeast, the 
mixed acid fermentation of E. coli, the butanediol fermentation, or the 
acetone-butanol fermentation. Figures 11-7 to 11-11 show the product for¬ 
mations typical of some well-studied fermentations. Others were shown in 
Figs. 11-1 and 11-5. Many other possible fermentation patterns exist; these are 
presented only as examples of the ways in which the reactions described 
previously can be combined. 

It is apparent from the list of fermentation products in Table 11-1 and 
from much published data of the same type that fermentations are generally 
rather complex, producing a few major products and often a variety of minor 
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Figure 11-8 The mixed acid fermentation pattern of E. coli and other enteric bacteria. Only the major 
products are shown. 
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Figure 11-9 The butylene glycol (butanediol) fermentation pattern of Enterobacter and other enteric 
bacteria. Only the major products are shown. 


products. Each microbial species possesses the genetic information for mak¬ 
ing a specific set of fermentation products and is incapable of making others. 
The products that it actually makes at any time depend on the prevalent 
conditions, such as the specific energy source used, the initial pH, the changes 
in pH that occur as a result of fermentation, and sometimes the presence of 
specific inorganic ions or organic growth factors. However, the typical major 
products are less subject to variation than are the minor products, so we can 
use the fermentation pattern, as determined by analysis of the major or 
unique products, as a tool in the identification of bacteria. 

Whatever the product mixture formed by an organism in a particular 
situation, if no external oxidant is used, the requirement that all NADH 2 
formed be reoxidized dictates certain combinations of products. This is 
apparent when one examines the oxidations and reductions involved in the 
formation of each individual product. These are summarized in Table 11-3 for 
the common C 2 , C3, and C4 products. It is assumed that each is formed via the 
EMP pathway (at least the lower portion), as is usually the case except for 
glycerol. Thus, the number of molecules of pyruvate used to synthesize the 
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Figure 11-10 The acetone-butanol (solvent) 
fermentation of the Clostridia. Only the 
major products are shown, but note that 
more NADH 2 is oxidized than is formed. 
This will allow some additional ATP to be 
made from acetyl-CoA. 
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Figure 11-11 Two mechanisms for fermentation of pentoses. In most microorganisms, pentoses are 
converted to fructose 6-phosphate by the transaldolase-transketolase reactions of the HMP pathway 
(see Chap. 9). In the heterolactics, pentoses are metabolized through the phosphoketolase pathway, 
forming lactic acid and acetic acid. 


Table 11-3 Role of pathways to individual fermentation 
products in accepting hydrogen or generating ATP 


Products 

(1) 

Pyruvates 

used 

(2) 

nadh 2 

formed 

(3) 

NADHj 

reoxidized 

(4) 

ATP 
per mole 

Lactic acid 

1 

1 

1 

0 

Ethanol 

1 

1 

2 

0 

Acetic acid 

1 

1 

0 

1 

Butanediol 

2 

2 

1 

0 

Butyric acid 

2 

2 

2 

(b* 

Butanol 

2 

2 

4 

0 

Acetone 

2 

2 

0 

0(1)* 

Isopropanol 

2 

2 

1 

0(1)* 

Glycerol 

— 

— 

1 

0 

Succinic acid 

1 

1 

2 

0 

Propionic acid 

1 

1 

2 

0 


Note: Data are based on the assumption that the products are 
derived from a hexose fermented through the EMP pathway. 

*ATP may be formed in the pathway to butyric acid in some 
organisms. ATP may also be formed indirectly by the transfer of CoA to 
acetate in the pathway to butyric acid, acetone, or isopropanol (see text). 

product corresponds to the number of molecules of NADH 2 formed in its 
synthesis. Comparison of cols. (2) and (3) indicates which pathways are 
deficient in accepting hydrogen atoms. Only lactic and butyric acid are formed 
by a series of reactions in which oxidation and reduction are balanced. Those 
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products for which the number in col. (2) is greater than that in col. (3) can be 
formed only if a product that accepts excess hydrogen is also formed, i.e., one 
for which the number in col. (2) is less than that in col. (3). The combinations 
of products formed must be such that the molar amounts of hydrogen 
removed and hydrogen accepted are equal. Within this restriction, ratios of 
products can vary with the strain and with the prevalent conditions. The 
ability to form hydrogen gas allows the formation of more oxidized products. 
Thus, in organisms that have the genetic information for synthesizing a 
variety of products, no typical balanced equation can be written to describe 
the fermentation, and a fermentation balance must be performed to determine 
the specific course followed by a particular strain under specific conditions. 
If, as in industrial applications, it is desired to maximize the production of one 
or more products, use of different strains and different conditions in fer¬ 
mentation balance studies provides the data for choosing the best microbial 
strain and the optimum conditions for the fermentation process. 


FERMENTATION OF NONCARBOHYDRATE SUBSTRATES 

Many microorganisms that are able to utilize compounds other than carbo¬ 
hydrates as energy sources in the presence of oxygen or nitrate are unable to 
derive energy from them through fermentation. The enterics, for example, 
grow well in media containing proteins, peptides, or amino acids as sole 
sources of carbon and energy if oxygen or nitrate is available as electron 
acceptor. In the absence of an inorganic electron acceptor, growth in the same 
media is possible only if a fermentable carbohydrate is added. The amino 
acids are not fermented but are taken up and used in the synthesis of cellular 
protein. 

Several genera of bacteria that are pathogenic to humans and animals or 
are normal inhabitants of the intestinal or respiratory tract ferment amino 
acids, and some of these also may be found in anaerobic digesters. However, 
the anaerobic decomposition of proteins in nature and in anaerobic biological 
processes of waste treatment may be primarily the work of the proteolytic 
species of Clostridium. We have stated that these organisms generally are 
active producers of proteolytic enzymes. They ferment the resulting amino 
acids in two ways. Some amino acids are fermented individually by pathways 
specific for each compound. Not all amino acids can be fermented singly, or 
at least no organism capable of fermenting certain amino acids has been 
isolated. The products of fermentation of amino acids are generally ammonia, 
carbon dioxide, hydrogen, acetic acid, and butyric acid. Propionic and other 
low molecular weight acids and ethanol may be formed also, depending on the 
amino acid fermented. Few of these pathways have been studied in detail. 

The second mechanism used by many species of Clostridium for the 
fermentation of amino acids is the Stickland reaction. Pairs of amino acids are 
fermented; one is oxidized and the other is reduced (see Fig. 11-12). This 
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Figure 11-12 The Stickland reaction for fermentation of pairs of amino acids by clostridia. One 
amino acid acts as electron donor, i.e., is oxidized. The hydrogen atom removed from the electron 
donor is used to reduce the amino acid which acts as electron acceptor to regenerate NAD. 


method of fermentation allows the amino acids that cannot be fermented 
individually to be used as energy source. Table 11-4 lists the amino acids 
fermented by the two mechanisms in one or more species of Clostridium. 
Only one amino acid that cannot be fermented singly by at least one species 
of Clostridium is fermented by another bacterium. This is glycine, which is 
fermented to carbon dioxide, ammonia, and acetic acid by Peptococcus 
anaerobius. No other amino acid is fermented by this organism, which was 
previously given several different names (see Bergey's Manual). Thus, mem¬ 
bers of the genus Clostridium are very active in the anaerobic decomposition 
of proteins. 
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Table 11-4 Fermentation of amino acids by one or 
more species of Clostridium 


Amino acid 

Fermented singly 

Stickland reaction 

Donor Acceptor 

Alanine 

+ 

+ 


Arginine 

+ 


4- 

Aspartic acid 

+ 


4- 

Cysteine 

+ 


4- 

Glutamic acid 

+ 



Glycine 



4- 

Histidine 

+ 

+ 


Hydroxyproline 



4- 

Isoleucine 


+ 


Leucine 

+ 

4- 


Lysine 

+ 



Methionine 

+ 


4- 

Phenylalanine 

+ 

4- 


Proline 



4- 

Serine 

+ 

4- 


Threonine 

+ 



Tryptophan 

-f- 

4" 

4- 

Tyrosine 

+ 

4- 

4- 

Valine 


4- 



Data from the chapter by Barker in Gunsalus and Stanier. 

1961. 


Two species of Clostridium also are able to ferment purines: C. acidiurici 
and C. cylindrosporum. Fermentation of purines by pure cultures is rare, 
being restricted to Clostridium and a few anaerobic cocci that are probably 
species of Peptococcus. Fermentation of pyrimidines is even more rare. Only 
one species of Clostridium (formerly classified as Zymobacterium ) has been 
shown to obtain energy from pyrimidine fermentation. As in aerobic 
organisms, both purines and pyrimidines are undoubtedly used preferentially 
as growth factors and are taken up for use in the synthesis of nucleic acids. 

The fermentation of lipids is thermodynamically unfavorable. Although 
the /3-oxidation pathway for the conversion of long-chain fatty acids to 
acetyl-CoA does not involve the direct participation of oxygen, as does the 
oxidation of hydrocarbons, these molecules are essentially hydrocarbon in 
nature. An equation can be written for the conversion of a fatty acid such as 
palmitic or stearic to acetic acid and butanol, for example, but only if much of 
the hydrogen removed (four hydrogen atoms for each molecule of acetyl-CoA 
formed) can be converted to hydrogen gas. Many anaerobic bacteria form the 
enzyme hydrogenase, which catalyzes the reversible formation of hydrogen 
from a reduced high-energy electron carrier such as ferredoxin (Benemann 
and Valentine, 1971). 



METHANOGENESIS AND THE ANAEROBIC DIGESTION OF WASTES 551 


2H + +2e~ H 2 (11-14) 

As Barker has pointed out, however, the problem in the fermentation of 
fatty acids lies in the electrode potential of the first dehydrogenation reaction 
(see chapters by Barker and Dolin in Gunsalus and Stanier, 1961). The 
electron acceptor for this dehydrogenation in aerobic organisms is flavopro- 
tein (see Fig. 10-3); the reaction has a less negative electrode potential than 
does the reaction in Eq. (11-14) at pH 7.0, and electron flow to hydrogen is 
therefore unfavorable. However, lipids are decomposed in anaerobic digesters 
under strictly anaerobic conditions. The explanation for the occurrence of this 
and other reactions that are not observed in pure cultures undoubtedly lies in 
the ability of mixtures of organisms to accomplish metabolic transformations 
of which none acting alone is capable. Recent studies of methanogenesis are 
beginning to shed some light on the interrelationships of organisms in the 
anaerobic environment. 


METHANOGENESIS AND THE ANAEROBIC DIGESTION OF 
WASTES 

We have said that the anaerobic bacteria perform an essential function in the 
recycling of carbon from the anaerobic habitats of the biosphere to the 
atmosphere. However, an examination of the pathways of carbohydrate 
fermentation (see Figs. 11-1, 11-5, and 11-7 to 11-11) demonstrates the 
inefficiency of fermentation as a means of recycling organic carbon. The 
major function of the fermentative bacteria is the breakdown of biologically 
synthesized polymers to monomeric units and the conversion of these to even 
simpler compounds. 

Some anaerobic environments contain electron acceptors that can be used 
instead of oxygen. If nitrate is available, facultative anaerobes that are able to 
use it as terminal electron acceptor can carry out the total oxidation of 
organic carbon to carbon dioxide in the absence of air. However, in most 
truly anaerobic environments, little nitrate would be expected to be formed 
because nitrification is a strictly aerobic process. Nitrate may, of course, be 
supplied by agricultural runoff in some ponds, lakes, and swamps. Organisms 
that can use sulfate as terminal electron acceptor also convert some organic 
carbon to carbon dioxide but often do not carry out complete oxidations. 
Sulfate, like nitrate, is not formed under anaerobic conditions, but it may be 
present in many waters, particularly in brackish waters. 

Some carbon dioxide is formed in fermentation and much of this is 
recycled to the atmosphere, but most of the organic carbon metabolized by 
fermentation remains in the environment in altered form. As we shall see 
later, fermentation removes no COD. The energy source is simply converted 
to other compounds. Some COD is “removed” by incorporation into cells, 
i.e., by use as carbon source, but this removal depends on the separation of 
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the cells. When the feed to the digester consists of excess sludge (cells) from 
an aerobic treatment unit, conversion of the original cell material to new cells 
represents no real progress toward recycling of carbon. The low growth yield 
of fermentative cells means that the percentage of total carbon removed by 
cell synthesis is low. Most fermentations of sugars produce 2.0 to 2.5 mmol of 
ATP per 1 mmol of sugar. The Y A tp value of 10 mg dry weight can be used to 
calculate the cell yield as 20 to 25 mg. Thus, for each 180 mg of glucose 
fermented, 20 to 25 mg of other organic material can be converted to cell 
substance. One cannot calculate a percentage yield, as is done with a minimal 
medium in an aerobic system where a single compound is used as both carbon 
and energy source, but, assuming conversion of compounds used as carbon 
source to cell material without a change in weight, a percentage yield on a 
weight basis could be calculated as (2x 10)/(180 + 20) x 100= 10 percent for 
an organism with a fermentation yielding two molecules of ATP for each 
molecule of glucose, e.g., the homolactics. 

Fermentation, then, even allowing for conversion of some of the energy 
source to carbon dioxide and for conversion of perhaps 10 to 15 percent of 
the total organic matter to cells, is not an adequate process for either 
returning organic carbon to the atmosphere or removing it from a waste 
stream. The activities of the fermentative bacteria are merely the first step in 
the recycling process, and they must be supplemented by the activities of 
other microorganisms that complete the process. These further metabolic 
activities may be aerobic or anaerobic depending on the locale in which the 
fermentation occurs. The organic matter in many natural anaerobic environ¬ 
ments is often largely particulate, as it is in the anaerobic digester, or it may 
be in larger solid masses, e.g., plants or leaves, in ponds and swamps. When 
fermentative microorganisms convert this solid or particulate material to 
small, soluble molecules in a natural body of water, these may diffuse upward 
into the aerobic layer where they can be converted to carbon dioxide by 
aerobic microorganisms. The soluble organic material in the digester super¬ 
natant is generally treated aerobically by recycling it to the head end of the 
treatment plant. This is a small volume of liquid with a very high BOD. Its 
BOD would be much higher, however, if the reactions we have described thus 
far were the only ones that had occurred in the digester. In the digester and in 
anaerobic portions of ponds, lakes, and other water bodies, many of the acids 
and alcohols produced by primary fermentations are converted to an insoluble 
gas, methane, which escapes to the atmosphere, thus providing the major 
mechanism for the recycling of carbon under anaerobic conditions. It should 
be noted, however, that the formation of methane and its transfer to the 
atmosphere do not complete the carbon cycle. Methane in the atmosphere can 
be regarded only as a pollutant, and its formation and escape to the atmos¬ 
phere only exchange air pollution for water pollution. The methylotrophs and 
the heterotrophs, which are able to oxidize methane to carbon dioxide, 
require oxygen, and if methane is evolved slowly enough in a body of water, 
much of it may be oxidized to carbon dioxide by aerobes near the surface. 
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Unless methane is oxidized to carbon dioxide, either biologically or by 
incineration, it is not available for recycling through photosynthesis. 


Formation of Methane 

The past decade has seen rapid progress toward understanding the process of 
methane formation. Much of this progress was made possible by the demon¬ 
stration that a culture that had been used in research on methane formation 
for many years was actually an association of two organisms (Bryant et al., 
1967). One, an unidentified Gram-negative, anaerobic rod, “S” organism, 
ferments ethanol to acetic acid and hydrogen and does not form methane. The 
other, Methanobacterium MOH, cannot metabolize ethanol but is able to 
utilize hydrogen as its energy source and electron donor and carbon dioxide 
as its carbon source and electron acceptor, forming methane. In the ethanol- 
carbonate medium used for many years for growth of this culture, each 
organism is totally dependent on the other. The organism that ferments 
ethanol cannot do so unless the hydrogen is removed by the methanogenic 
organism, and the methanogen requires the hydrogen as energy source and 
electron donor. 

A number of pure cultures of methanogenic bacteria have now been 
isolated. Studies of methane formation have shown that the range of sub¬ 
strates used by these methanogenic bacteria is very limited. All methanogens 
isolated thus far are able to form methane from hydrogen and carbon dioxide, 
and some species are able to use only hydrogen and carbon dioxide for 
growth and methane formation. Others are able to use formic acid, HCOOH, 
which is probably first converted to carbon dioxide and hydrogen. At least 
two species of Methanosarcina are able to form methane from methanol or 
acetic acid (Mah, Smith, and Baresi, 1978). The use of acetic acid is of 
particular importance because approximately 70 percent of the methane 
produced in sludge digestion is formed from acetic acid and the remaining 30 
percent from carbon dioxide and hydrogen. In the absence of hydrogen, the 
methyl group of acetic acid is reduced to methane and the carboxyl group is 
oxidized to carbon dioxide. 

O 

*CH 3 COH-**CH 4 + C0 2 (11-15) 

If hydrogen is available, carbon dioxide is reduced to methane: 

C0 2 + 4H 2 -»CH 4 + 2H 2 0 (11-16) 

In the early literature on methane formation, many alcohols and organic 
acids were listed as substrates for methanogenesis (Barker, 1956). However, it 
is now apparent that the cultures used in earlier studies were not pure and 
that the formation of methane from complex organic molecules involves the 
conversion of these molecules by other bacteria to a few simple substrates 
that can be used by the methanogenic bacteria. Sludge digestion has long been 
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considered to be a two-step process, usually described as follows. In the first 
step, a variety of fermentative bacteria hydrolyzed polymers and fermented 
the hydrolysis products and other small molecules, using the pathways 
described previously, to alcohols and fatty acids. In the second step, the 
methane bacteria fermented these products of the primary fermentations to 
methane. Since the substrates that can be used for methane formation now 
appear to be so limited, it is apparent that either (1) another step, intermediate 
between the two previously recognized, must be required to convert fer¬ 
mentation products other than acetate, formate, methanol, carbon dioxide, 
and hydrogen to these compounds, or (2) the known fermentations must be 
altered in the presence of the methanogens. Both of these alterations of the 
traditional scheme probably occur. 

The overall process of anaerobic digestion requires an interaction be¬ 
tween the fermentative bacteria and the methanogenic bacteria that is more 
complex than the simple sequential metabolism originally envisioned. This 
relationship is based on interspecies hydrogen transfer, a process first demon¬ 
strated with the symbiotic association of the two organisms maintained as 
Methanobacillus omelianskii. The anaerobic digestion of sludge represents a 
delicately balanced ecological system in which each type of organism plays an 
essential role. The methanogenic bacteria perform two essential functions. 
They form the insoluble gaseous product methane, which accomplishes the 
removal of organic carbon from the anaerobic environment, and they utilize 
hydrogen, allowing the fermentative bacteria to ferment compounds not 
otherwise fermentable and to form acetic acid, which can be converted to 
methane. 

We have noted previously that certain types of compounds are not 
fermentable by any known organism in pure culture. The fatty acids derived 
from the hydrolysis of lipids are a prominent example of these nonferment- 
able substrates. These compounds constitute a very significant proportion of 
the feed to the digester at a municipal waste treatment plant, sometimes as 
much as 50 percent of the biodegradable COD of raw sewage sludge. 
Although fats are a problem in the digester because of their tendency to 
collect in large balls and to form a heavy scum layer on the surface of the 
digesting mass, they are metabolized in the digester. Several studies have 
indicated that fatty acids are probably metabolized by a process similar to the 
aerobic /3-oxidation pathway (see Fig. 10-3). This pathway converts even- 
numbered, saturated fatty acids to acetyl-CoA, with the removal of four 
hydrogen atoms for each acetyl-CoA molecule formed. Two difficulties arise 
in the use of this pathway under anaerobic conditions. First, as we have 
pointed out, the initial oxidative step is thermodynamically unfavorable 
except in the presence of oxygen (Barker, 1961). Second, according to the rule 
that governs fermentation, i.e., no net oxidation, the hydrogen atoms removed 
in the formation of acetyl-CoA would have to be used to reduce the acetyl- 
CoA to ethanol [Eq. (11-9)]. This would mean that no energy would be 
available to the organism. If the hydrogen atoms could be used to form 
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hydrogen gas, the acetyl-CoA could be used for the synthesis of ATP [Eq. 
(11-10)]. This is believed to be made possible by interspecies hydrogen 
transfer in the mixed populations of the digester and the anaerobic sediments 
in which methane formation occurs. The removal of hydrogen by the methane 
bacteria pulls the reaction forming hydrogen and makes thermodynamically 
unfavorable reactions possible. Thus, amino acids, fatty acids, and other 
compounds that are metabolized to acetyl-CoA in aerobic systems but not in 
anaerobic pure cultures can be fermented to acetate and hydrogen, yielding 
energy for the fermentative organism and hydrogen for use in methane 
formation. 

Evidence that the pattern of fermentation is altered in the presence of 
methanogenic bacteria has been obtained in several experiments in which 
fermentative bacteria have been grown in pure culture and in mixed culture 
with a methanogenic species (e.g., see Iannotti et al., 1973). These organisms 
produce the fermentation products we have discussed previously when grown 
in pure culture, i.e., formic, acetic, lactic, butyric, and succinic acids, ethanol, 
carbon dioxide, and hydrogen. When grown together with a methane-produc¬ 
ing organism, the amounts of the reduced products are decreased and the 
amount of acetate is increased. Thus, the utilization of hydrogen for methane 
production provides fermentative organisms with an alternative means of 
reoxidizing at least some of the NADH 2 that would otherwise have to be used 
to form reduced products. In the absence of the hydrogen-utilizing 
methanogen, the hydrogen would accumulate in sufficient concentrations to 
be toxic or to prevent its further formation by mass action due to product 
accumulation. 

It seems certain, based on experiments with mixed cultures, that the 
products of a fermentation can be altered in the presence of methanogenic 
bacteria. It is not known yet whether a third group of organisms, carrying out 
a step intermediate between the primary fermentations and the formation of 
methane, is of real importance in the overall conversion of organic matter to 
methane. The “S” organism in the symbiosis, which was long called 
Methanobacillus omelianskii, ferments ethanol, a product of many primary 
carbohydrate fermenters. Ethanol is not fermentable in pure culture. 
Organisms such as this, which can ferment such products as alcohols with the 
aid of the methane formers, may be an important link in the ecological chain 
responsible for anaerobic digestion. If the range of substrates utilizable by 
methanogens is truly as narrow as it now appears to be, and if 70 percent of 
the organic matter in a digester must be converted to acetate for use by the 
methanogens, the primary fermentations may have to be altered toward 
greater amounts of more oxidized products and another group of bacteria 
must also act to convert any fermentation products not utilizable for methane 
formation to acetate, formate, methanol, carbon dioxide, and hydrogen. On 
the other hand, it is possible that methanogens may be found that are capable 
of using other compounds. The methods for isolation and study of these 
extremely oxygen-sensitive organisms have been developed only recently. 
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Application of techniques for culture of strict anaerobes to studies of digester 
populations has now shown that strict anaerobes far outnumber the facul¬ 
tative anaerobes, which were once considered to constitute the majority of 
the fermentative bacteria (Hobson et al., 1974). Much work remains to be 
done before we achieve a reasonably good understanding of the ecological 
system that results in methane production. It is important to achieve this 
understanding, not only from the viewpoint of the microbiologist who desires 
to increase our knowledge of microbial physiology and ecology, but also from 
the practical viewpoint of the engineer who needs to be able to make more 
informed decisions in designing and operating the process of anaerobic 
digestion. In 1962, McKinney wrote “Anaerobic digestion is the uncharted 
wilderness in sanitary engineering.” It was an apt description. The wilderness 
is only now beginning, gradually, to yield to exploration. 


ANAEROBIC TREATMENT PROCESSES 

Two major processes for the treatment of wastes utilize anaerobic metabol¬ 
ism. The first is anaerobic digestion of sludges removed in primary and 
secondary sedimentation operations at municipal treatment plants. Anaerobic 
treatment is also used, less frequently, for treating certain high-strength 
industrial wastes. These processes are applications of the biochemical reac¬ 
tions described in this chapter. The second process is denitrification for the 
removal of nitrate produced from excess reduced nitrogen compounds at 
aerobic biological treatment facilities. Denitrification may also be used for the 
treatment of industrial wastes that contain high concentrations of nitrate, e.g., 
munitions plant wastes. 

Anaerobic digestion is a more complex process than is denitrification; it 
involves hydrolysis, fermentation, and the production of highly volatile 
materials such as methane and hydrogen, whereas denitrification involves 
anaerobic respiration, i.e., the replacement of oxygen by nitrate as terminal 
electron acceptor. The biochemistry and physiology of both processes are 
already familiar, and the material that follows describes the treatment pro¬ 
cesses, possible modes of operation, and effectiveness of the treatments. 

Anaerobic Digestion 

Anaerobic digestion has been the traditional method for preparing sludge 
from municipal waste treatment plants for ultimate disposal. Approximately 
50 percent reduction in organic content can be attained, and that which 
remains is much less putrescible than was the original organic matter. The 
reduction in organic content of the sludge arises because the more easily 
degraded material is converted to volatile materials such as carbon dioxide 
and methane, which are stripped from the reaction mixture. A portion of the 
sludge is converted to soluble organic matter, which remains in the super¬ 
natant liquid upon decantation from the digested sludge. 
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Anaerobic reactors As with aerobic treatment of wastes, there are various 
modifications of anaerobic digestion processes. All of them involve either 
quiescent or mixed fluidized conditions. Fixed-bed reactors, i.e., anaerobic 
trickling filters, are not generally used for the anaerobic digestion of wastes 
that contain high concentrations of suspended organic matter. 

The most simple reactor is a covered holding tank into which excess 
sludge is intermittently pumped, generally two to four times daily. Distinct 
zones develop, i.e., gas, supernatant, and sludge zones, as shown in Fig. 11-13. 
The influent organic solids settle in the sludge layer. Active decomposition of 
the organic solids occurs in the upper portion of this layer. Significant 
portions of the solids are liquefied and further metabolized to smaller mole¬ 
cules, some of which are volatile and escape to the gas zone where they can 
be drawn off. The less putrescible (stabilized) sludge solids migrate to the 
lower portion of the sludge zone and are drawn off periodically for further 
treatment (dewatering or draining) and final disposal, e.g., incineration or land 
disposal (see Table 2-3). The gas consists largely of methane and carbon 
dioxide with small amounts of hydrogen. The oxygen demand of the methane 
and hydrogen can be dissipated to carbon dioxide and water by burning the 
gas with oxygen. The heat value of the off-gas is more than sufficient to 
supply fuel for heating the reactor to the slightly elevated temperature (35°C) 
found to give reasonably good methane production and to provide some of 
the other energy needs of the treatment plant. When a plant is dependent on 
the production of methane for some of its energy needs, there is a necessity 
for very close monitoring of performance and for the development of a 
system of operational guidelines to ensure reliable delivery of the required 
gas. As with most of the aerobic microbiological processes, the reliability and 
stability of this anaerobic process usually translate in one way or another to a 
provision for slow growth rate. Since the fermentative and methanogenic 
microorganisms are very slow-growing organisms to begin with, and since the 
batch reactor shown in Fig. 11-13 could be operated as a once-through 
continuous flow reactor, the only way to engineer slow growth is to provide a 
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Figure 11-13 Single-stage unmixed 
anaerobic sludge digester, intermit¬ 
tent feeding and withdrawal, heated 
or unheated. Note gas, supernatant, 
and sludge zones. The zone of 
actively digesting sludge occupies a 
relatively small portion of the 
reactor. 
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rather long hydraulic retention time t of 30 to 60 days, i.e., a large volume 
since t = V/F. Thus, the initial cost of construction is rather high. 

The supernatant layer is a rather turbid liquid that contains high concen¬ 
trations of colloidal and soluble organic matter that would exert a significant 
biochemical oxygen demand if discharged along with the plant effluent. 
Digestion of primary sludge alone leads to digester supernatant BOD 5 values 
ranging from 500 to 3000 mg/L, whereas for the digestion of combined 
primary and excess activated sludge, the supernatant BOD 5 may range from 
1000 to 10,000 mg/L. The supernatant is usually recycled to the plant inflow 
where it undergoes aerobic treatment. At many municipal treatment plants, 
anaerobic digestion is used for only the primary sludge and aerobic digestion 
is used for the excess activated sludge, since supernatant BOD 5 concen¬ 
trations are much smaller for aerobic than for anaerobic digestion. Most of 




Figure 11-14 (A) Single-stage mixed anaerobic digester, generally heated. Mixing increases rate of 
digestion. The zone of actively digesting sludge occupies a larger portion of the tank volume than in 
an unmixed digester, but a second stage (fl) is needed to separate the anaerobic mixed liquor. 
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the supernatant BOD from aerobic digestion consists of suspended organic 
matter rather than soluble materials. 

The rate of reaction can be increased if the supernatant and solid zones 
are mixed, as shown in Fig. 11-14A. This increases the volume of the active 
zone for decomposition reactions and provides a more homogeneous reaction 
mixture. If the reactor is completely mixed and if the inflow and outflow rates 
are equal and the gas pressure is held constant, the reactor can be operated as 
a once-through anaerobic chemostat. A separate decantation and/or thicken¬ 
ing operation must be used if the liquid and solid zones are mixed. Sometimes 
the postdigestion operations are accomplished in a second unmixed digestion 
tank placed in sequence with the mixed tank, as shown in Fig. 11-14B. 

An even more flexible process includes the recycle of sludge underflow 
from the unstirred tank to the mixed reactor (see dashed lines in Fig. 11-14B). 
This reactor arrangement has been termed anaerobic contact digestion. It is in 
many respects an anaerobic activated sludge system. The separation tank 
need not be an unstirred digestion tank; uncovered settling tanks have been 
used. The separation of the mixed liquor from the reaction tank is usually 
enhanced if the liquor is degasified prior to entry into the separation tank (see 
Fig. 11-15). The system may be designed and operated in accord with models 
for activated sludge processes [e.g., Eqs. (6-76) and (6-77), Table 6-4], pro¬ 
vided one determines the values of the four biokinetic constants and can 
satisfy the requirements and assumptions made in the derivation of the steady 
state model equations, e.g., complete mixing of the substrate and cells in the 
stirred reactor as well as little or no biological activity in the cell separator. In 
any event, care should be taken to determine whether biological activity in the 
separator changes the values of the biokinetic constants for the sludge 
significantly, due to its residence time in the quiescent tank. The system has 
the advantage that one can control, i.e., slow down, the specific growth rate or 
increase the sludge age using the engineering control parameters a and X R as 
well as D, or t, which is the only means available in a once-through reactor. 



Figure 11-15 The anaerobic contact process, an anaerobic activated sludge process. 
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Energy considerations Fewer data are available on the values of the kinetic 
constants for anaerobic treatment than for aerobic treatment. Although the 
anaerobic digestion process represents rather complicated interrelationships 
of perhaps three main groupings of organisms—the fermenters, the hydrogen 
producers, and the methane formers—the hydrogen and methane formers are 
slower growers than the fermentative bacteria, and therefore their kinetic 
characteristics ought to govern the values for the biokinetic constants at the 
mesophilic temperature 35°C. Based on available literature, values of cell 
yield Y, of 0.04 to 0.05 mg of biomass per milligram of COD converted to 
methane and k d values of 0.010 to 0.040 day - ' seem reasonable (Lawrence and 
McCarty, 1969). A value of maximum substrate utilization rate U[U = 
(dSldt)(l/X)] of 6.7 day -1 , which translates to /A max values of 0.268 to 0.335 
day -1 (n = UY,) and K s values of approximately 2000 mg/L seem reasonable 
based on considerations presented by Lawrence (1971). However, much more 
experimentation is needed before values of the kinetic constants and the factors 
that determine these values are well defined. 

The cell recycle scheme shown in Fig. 11-15 would appear to be an ideal 
way to run an anaerobic digester for the treatment of high-strength industrial 
wastes, e.g., feedlot wastes or piggery wastes. However, as with the activated 
sludge process, merely providing a cell recycle line does not guarantee the 
advantages of process control that recycle can bestow. That is, a and X R can 
be used as design and operational control parameters only if provisions are 
made in the design and construction of the system that permit these factors to 
be used by the operator of the process. For example, positive control of X R 
and possible preconditioning of the sludge prior to recycle could be provided 
by the use of a sludge consistency or dosing tank similar to that recommended 
in Chap. 6 for aerobic activated sludge processes. In view of the urgent need 
to conserve energy as well as the need for the reliable delivery of high-quality 
effluent, more research on the anaerobic activated sludge mode of digester 
operation is warranted, since it appears capable of delivering the highest 
possible methane yields for suspended or soluble substrates. The recent 
strides being made in understanding the biological mechanisms of methane 
production, coupled with continued kinetic studies to gain more definitive 
information on the kinetic constants, augur well for anaerobic bioconversion 
processes. 

Fixed-bed reactors, i.e., anaerobic filters, may also be used to treat 
wastes. They are best adapted to wastes of much lower organic content than 
municipal treatment plant sludge or feedlot wastes but nonetheless can handle 
rather strong wastes with a BOD 5 of 2000 mg/L or more. Rather than trickling 
downward, as is usually the case for aerobic fixed-bed reactors like the type 
shown in Fig. 2-4, the waste flows upward through the tower, as shown in Fig. 
11-16. This type of filter finds its most immediately useful application in 
denitrification processes. Note that the medium in this type of fixed-bed 
reactor is submerged. This means that the liquid retention time can be 
controlled by the liquid flow rate, unlike the downward flowing (trickling) 
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Figure 11-16 Anaerobic contact bed. 


filter used in aerobic treatment for which the liquid retention time is, of 
necessity, very short. 

One can utilize the energy and fermentation balance concepts in this 
chapter and in Chaps. 3 and 10 to examine the energy-conserving charac¬ 
teristics of anaerobic processes. For example, consider the anaerobic diges¬ 
tion of a polysaccharide. Upon hydrolysis, the hexose units could be fermen¬ 
ted to ethanol and carbon dioxide as we have seen previously (see Fig. 11-7). 

C 6 H 12 0 6 -»2CH 3 CH 2 0H + 2C0 2 

hexose ethanol 

No COD is removed from the system in this reaction. The COD of the 
carbon dioxide is 0; i.e., the carbon in carbon dioxide is already in its most 
oxidized state and therefore it exerts no oxygen demand. It is important to 
note that the amount of organic matter has been reduced, but the original 
COD is now contained in the ethanol that has been produced. Assuming an 
initial glucose concentration of 1000 mg/L: 

192 

COD of glucose = 1000 x = 1067 mg/L 

Ethanol produced = 511 mg/L 

192 

COD of ethanol = 511 x—— = 1067 mg/L 


Now suppose that the ethanol produced from the glucose is acted upon by 
other microorganisms to produce methane as follows: 

2CH 3 CH 2 OH - 3CH 4 + C0 2 
Methane produced = 511 x || = 267 mg/L 

192 

COD of methane = 267 x —— = 1067 mg/L 
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Thus, the only way COD is removed from the mixed liquor is by the stripping 
of the volatile product methane. 

Although no oxygen demand is exerted in anaerobic processes, the 
capture of a burnable gaseous product such as methane and the exertion of its 
oxygen demand accompanied by utilization of the heat energy released can be 
a valuable asset. Unfortunately, one generally finds that most of the gas 
produced by the digester is burned without capturing and utilizing the 
released energy. Some of the reasons for this are the need to process the 
off-gas to remove impurities and the fact that the gas produced is usually not 
enough to supply all the energy needs of the plant. It is envisioned as a 
supplementary energy source only. Also, a digester is not very reliable in 
producing a steady supply of methane in view of the general paucity of 
fundamental and engineering knowledge regarding biochemical mechanisms 
and kinetics as well as their control in the rather complex, finely balanced 
ecosystem in anaerobic digesters. In specific cases in which large amounts of 
concentrated organic matter are available, for example, stockpiles of animal 
manure from feedlot operations, and where the anaerobic digestion process is 
operated at sufficiently low growth rates and carefully controlled loading 
conditions, excess marketable gas can be produced and mixed with drilled 
natural gas. The anaerobic digestion that has been used for so many years at 
municipal treatment facilities seldom reliably produces enough excess energy 
needs at the plant to warrant the special precautions and backup systems 
needed for its use for anything but heating the digester. The burning off of 
excess gas at treatment facilities is as common as it is in many of the oil fields 
in the drilling areas of the world. However, in the future, as the dwindling 
energy supply from traditional sources becomes an even more acute problem 
than it already is, more earnest efforts to finely tune anaerobic digestion and 
use the off-gases will be necessary. It is not entirely improbable to expect that 
power from the burning of digester gas will provide significant portions of the 
compressed air needed for aerobic fluidized secondary biological treatment 
processes at the head end of the plant. 

One might argue that since the energy of the digestible material is retained 
in the off-gas, one could burn (incinerate) the original material without 
digestion. In some cases it proves economical to incinerate the sludge solids 
directly, but the water content first must be drastically reduced. Estimation of 
the costs of the various alternatives is a design aspect that we shall pass over 
here because it is outside the scope of a text on microbiology. It is important, 
however, to emphasize that there is no one best way to treat and dispose of 
the sludge produced in wastewater treatment operations or as waste products 
of manufacturing processes. Some approaches that seem to provide ideally 
simplified solutions often do not save either energy or taxpayers’ dollars when 
put to the test of cost analysis. In regard to the methane produced at 
municipal wastewater treatment plants, it seems that its best use is for its 
heat value rather than, for example, as a raw material for bioconversion to 
cells (for example, for protein feedstock). As in the example just given, the 
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lack of change in COD when 1000 mg/L of glucose is converted to 267 mg/L 
of methane attests to the conservation of energy; the heat of combustion A H 
of 1 mol of glucose (solid) equals 669,000 cal and that for 3 mol of methane 
(gas) equals 638,400 cal. More than 95 percent of the heat value of the original 
substrate is conserved in the product. There has been a reduction in heat 
value of only 5 percent if all the methane is captured. Hence, if one utilizes 
the calories directly for this heat value, the return is very high—assuming the 
gas-cleaning operation can be performed economically. 

One could use the methane in bioconversion projects; for example, one 
could grow microorganisms on the hydrocarbon to harvest the cells as a 
protein supplement for cattle diets. However, considering the example cited 
above, the yield of bacterial organic matter on the methane would be lower 
than on the original hexose. This situation comes about because the original 
amount of carbon source, 1000 mg/L of hexose, has been lessened to 
267 mg/L of methane. The COD values and caloric contents are essentially 
the same and, although the cell yield on methane is higher per gram of carbon 
than on hexose [1.4 versus 1.26 g of cells per gram of carbon, according to 
Linton and Stephenson (1978)], growth on methane is limited by the available 
carbon. The yield on 1000 mg of hexose is: 

x 1000 x 1.26 = 502 mg of cells 

loU 

whereas on the methane produced from the hexose, it is: 

— x 267 x 1.4 = 280 mg of cells 
lo 

Thus, from the standpoint of energy conservation by bioconversion to 
cellular materials, one would appear to be better off going not to the methane 
stage but only to the hexose stage in the breakdown of waste polysaccharides. 
One might use chemical hydrolysis of excess sludge (as described for the 
hydrolytically assisted extended aeration process) to break down complex 
macromolecules and sterilize the sludge. The resulting rich medium could be 
used for growing cells aerobically, thus achieving higher cell yields. Again, 
there is great need for caution against oversimplification because municipal 
sludge can be expected to contain some complement of heavy metals and 
other materials potentially toxic or hazardous to animals and humans. Thus, 
gasification and the partial recovery of the carbon as methane could provide 
an essential purification process prior to bioconversion. 

There are no easy choices of alternatives for biological-chemical-physical 
processing of the massive amounts of sludge generated from municipal 
wastes. Ultimate oxidation to carbon dioxide and water and recycle to the 
carbon-oxygen-water cycle via biological digestion (aerobic or anaerobic), 
using processes as economical and safe as is possible, seem the best approach 
for now. However, if the rate of waste generation continues to increase, 
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recovery and/or more immediate recycle schemes such as those outlined 
above will become more attractive. 

Denitrification 

Nitrates in wastewaters can be removed by denitrifying organisms in the 
absence of dissolved oxygen provided a source of carbon is available. While 
endogenous carbon sources may be sufficient for the removal of low nitrate 
concentrations by rather high concentrations of autodigesting cells, the ad¬ 
dition of an external carbon source is desirable. The genus Pseudomonas 
makes up a large fraction of the denitrifying microbial population. Many of 
the Pseudomonas species known to accumulate nonnitrogenous storage 
products do not denitrify, whereas many of the species capable of deni¬ 
trification do not make the major nonnitrogenous storage products, i.e., 
poly-/3-hydroxybutyrate or polysaccharides; thus, they oxidize protein and 
release ammonia in endogenous or autodigestive stages, thereby defeating the 
purpose of biological denitrification processes. 

Commercially available carbon sources and/or waste carbon sources may 
be used in denitrification processes. Brewery wastes have been successfully 
used. Sugar refining waste should also make a suitable carbon source, since it 
is high in carbohydrate and essentially devoid of ammonia or organic 
nitrogen. Chemically or biologically hydrolyzed waste cellulose, e.g., waste- 
paper or possibly sawdust, would also make a suitable carbon source. Molas¬ 
ses, volatile acids, and methanol are among the commercially available carbon 
sources that have been used^lfighly reduced compounds are better from the 
standpoint of minimizing excess sludge production, since the cell or sludge 
yield is generally lower (measured in milligrams of cells per milligram of COD 
removed) for compounds such as methanol or ethanol than for carbohydrates. 
Most of the experimental work has been accomplished using methanol; it has 
generally been the substrate of choice, but it is rather costly. Some of the 
denitrifiers that use methanol may also use methane; thus in plants using 
anaerobic sludge digestion, some of the methane that often is burned off 
might provide the electron donor for biological denitrification. Selection of the 
carbon source is an important aspect, since it can exert a selective pressure 
on the species in the denitrifying biomass. That is, the population is already 
narrowed to the denitrifying species, and one carbon source may cause a 
much narrower band of species variation than another one. Adequate ecolo¬ 
gical studies have not yet been undertaken on denitrifying heterogeneous 
populations, but the expected further tightening of advanced treatment 
requirements would seem to increase the usefulness of such studies. 

When methanol is used as the carbon source and electron donor, there is 
evidence that the K s with respect to this substrate is very low; thus, the 
Monod relationship between p, and the carbon source concentration usually 
does not govern the rate of denitrification because methanol concentration is 
limiting at only very low concentrations. The growth rate and hence the 
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denitrification rate can, however, be related in an equation of the Monod type 
(rectangular hyperbola) to the concentration of the electron acceptor nitrate. 
The kinetic model presented in Chap. 6 can be used to predict the per¬ 
formance of denitrification processes. 

With methanol as the substrate, values of /x max ranging between 0.2 and 
2.0 day -1 and K s values between 0.06 and 0.16 mg/L of nitrate-nitrogen have 
been observed. Cell yield values Y, between 0.6 and 1.2 mg/mg of nitrate- 
nitrogen and k d values of approximately 0.04 day -1 have been reported (U.S. 
EPA, 1975). As with any biological system, the values of the kinetic “con¬ 
stants” are affected by environmental conditions such as pH and temperature. 
The range of optimum pH values is somewhat more narrow than those for 
aerobic growth, presumably because the spectrum of microbial species in the 
population is more narrow due to the selective pressure of the electron donor 
and electron acceptor used. The pH values of 7 to 7.5 seem optimum. Fairly 
good denitrification is observed at 20°C, and a significant increase can be 
expected for a modest increase in temperature to 25 to 30°C. While there 
appears to be little to be gained by adding energy to heat the reactor above 20 
to 25°C, there is some evidence (see Focht and Chang, 1975) that the rate of 
denitrification is affected proportionately more than would be predicted by the 
Arrhenius equation when temperatures are below the 10 to 15°C range. Thus, 
there may be some advantage in protecting the process against extreme cold 
during winter months and providing higher concentrations of denitrifying 
biomass to take up the slack in the removal rates due to lower temperatures. 

In a fluidized (suspended growth) reactor system, i.e., an activated sludge 
system with nitrate rather than DO as the electron acceptor, a higher biomass 
concentration (hence, a slower growth rate) can be provided by controlling 
the recycle sludge concentration X R and the flow rate Fr, as in the mode of 
operation recommended in Chap. 6. Since the mixed liquor contains escaping 
nitrogen gases (one of the causes of rising sludge), an aerated stripping 
chamber with approximately 5 min of holding time is placed between the 
reactor and the sedimentation tank. In some instances, an aerated stabilization 
tank with approximately 1 h of holding time is inserted between the reactor 
and the aerated stripping chamber. An advantage claimed for this procedure is 
that the endogenous respiration rate (cell autodigestion) is much higher under 
aerobic than anoxic conditions. Thus, the net or observed cell yield Y 0 and 
hence the amount of excess sludge are lower. This seems worthy of more 
investigation. It would seem that to autodigest a significant amount of cells in 
a relatively short aerobic stabilization time, most of the endogenous carbon 
source would be derived from short-term oxidative assimilation stores. The 
ability to store carbon is not a common characteristic of denitrifiers. It is 
conceivable that the quick return of the cells to an aerobic condition may 
cause some of them to undergo lysis, thus enhancing sludge reduction. The 
lysis products would have to be oxidized rapidly in order to minimize leakage 
of organic compounds into the effluent. In general, our own experience on 
c hanging cultural conditions from aerobic to anaerobic to aerobic for an 
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activated sludge containing an ample complement of denitrifying organisms is 
that the shock of the switch from one electron acceptor to another does not 
appear to hamper the metabolic efficiency of an activated sludge when 
returned to an aerobic condition. Presumably such is also the case when the 
cycle is anaerobic to aerobic to anaerobic. However, in experiments with 
some denitrification schemes in which a nitrified activated sludge mixed liquor 
is subjected to denitrification under endogenous anaerobic conditions and 
then returned to aerobic conditions, sludge bulking problems have developed 
(U.S. EPA, 1975). In such cases, chemically enhanced flocculation may be 
required. 

Denitrification can be effected also in attached growth or fixed-bed 
reactors, i.e., submerged filters or enclosed filters. Various types of coarse 
and fine solid media are available. 

In Chap. 7 we discussed the interconversions of the various forms of 
inorganic nitrogen by microorganisms and some of the ecological effects of 
the presence of inorganic nitrogen compounds in the environment. 
Nitrification of a treatment plant effluent is necessary to prevent the exertion 
of a nitrogenous BOD in the receiving water. Discharge of a nitrified effluent, 
however, can lead to eutrophication because nitrate is an excellent nitrogen 
source for the growth of algae and other types of microorganisms. Allowable 
levels of nitrate in public water supplies are low because of two potential 
health hazards: (1) methemoglobinemia and (2) formation of carcinogenic 
nitrosamines when nitrate is ingested (see Chap. 7). Thus, it may be expected 
that denitrification processes, which have not been traditionally included in 
waste treatment facilities, may assume greater importance in the future. Much 
more research is needed to develop economical and reliable design and 
operational criteria for denitrification. 

PROBLEMS 

11-1 For an organism that uses the Embden-Meyerhof-Parnas pathway from glucose to pyruvate, 
the following products are formed from each 100 mmol of glucose fermented: 60 mmol of lactic acid, 
20 mmol of 2,3-butanediol, 140 mmol of carbon dioxide, 100 mmol of hydrogen. 60 mmol of ethanol, 
and 40 mmol of acetic acid. 

(a) Write the pathway by which each product is formed from pyruvate. 

(£>) Calculate the following for this fermentation: 

1. Millimoles of NAD reduced in converting glucose to pyruvate 

2. Millimoles of NADH ; oxidized in converting pyruvate to 2.3-butanedio! 

3. Millimoles of NADPL oxidized in converting pyruvate to ethanol 

4. Millimoles of NADHi oxidized in converting pyruvate to acetic acid 

5. Net production of ATP in millimoles 

6. Milligrams of cells produced 

(c) Calculate the carbon recovery and the O/R balance (see Table 11-2 for the form to be 
used). 

11-2 If an organism that uses the EMP pathway for the fermentation of glucose produces 
acetone, carbon dioxide, and hydrogen, could lactic acid be the only other product? Explain your 
answer. 
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11-3 E. coli can form acetyl-CoA from pyruvate under either aerobic or anaerobic conditions, 
but the reactions are not the same. 

(a) Write the equation for conversion of pyruvate to acetyl-CoA by E. coli growing 
aerobically. 

(b) Write the equation for conversion of pyruvate to acetyl-CoA by E. coli fermenting a 
sugar. 

(c) Explain why the reactions in parts (a) and (b) are different. 

11-4 Name an organism that might produce each of the product mixtures listed below if it were 
fermenting a sugar. 

(a) Carbon dioxide, ethanol 

( b ) Carbon dioxide, ethanol, lactic acid 

(c) Carbon dioxide, hydrogen, ethanol, lactic acid, acetic acid 

(d) Carbon dioxide, hydrogen, ethanol, lactic acid, acetic acid, butanediol 

(e) Carbon dioxide, hydrogen, ethanol, lactic acid, acetic acid, butanol, butyric acid, acetone 
11-5 A heterolactic fermenting a hexose chn form only one molecule of ATP per molecule of 
glucose (net). Assuming that the pathway shown in Fig. 11-1 is used for the fermentation of 
pentose and that ribose could be phosphorylated by ATP and converted to ribulose 5-phosphate, 
what would be the products of fermentation and how many molecules of ATP per molecule of 
glucose could be formed? Write the pathway as it would be used for the fermentation of ribose. 
11-6 For what two purposes do the methanogens use carbon dioxide? 

11-7 In what ways are the methanogens different from all other bacteria? 

11-8 What is the unique function of the methanogens in the carbon cycle? 

11-9 State why and under what conditions you would justify considering denitrification as a 
necessary treatment process prior to discharge into a receiving stream. 

11-10 Why is the supernatant from anaerobic digestion of secondary sludge usually so much 
higher in organic content (BOD) than supernatant from anaerobic digestion of primary sludge? 
11-11 Why is the supernatant from aerobic digestion of secondary sludge usually so much lower 
in organic content than supernatant from anaerobic digesters? 

11-12 Discuss the possible value of fermentation as a treatment before putting a waste through 
aerobic treatment. 

11-13 Discuss the possible use and the significance of hydrogen analysis as an operational tool 
for anaerobic digesters. 

11-14 Waste cellulose, e.g., used paper, might be used as a starting material for petrochemical 
manufacture. Discuss the biological and economic aspects of this use as compared to use of the 
material for its energy content, e.g., as fuel. 
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CHAPTER 

TWELVE _ 

CONTROL OF METABOLIC REACTIONS 


Most microorganisms exist in highly competitive situations in which it is 
essential for their survival that they make the most efficient use possible of 
the nutrients available. Except for a few very specialized organisms that are 
able to grow in environments unfavorable to the growth of other organisms, 
nutritional versatility is an advantage because it increases the number of 
habitats in which an organism can live. Yet nutritional versatility, i.e., the 
ability to use many different sources of carbon and energy, to grow with or 
without organic growth factors, and perhaps even to use alternate means of 
generating ATP, requires that the organism be capable of synthesizing a great 
variety of enzymes, many of which will not be needed at any particular time. 
For example, it is advantageous to a Pseudomonas species to be able to use 
as sole sources of carbon and energy any of 50 organic compounds, but when 
only one of those compounds is available, the enzymes required for metabol¬ 
izing the other 49 compounds are not needed, and their synthesis would 
consume carbon and energy that could otherwise be used for synthesizing 
compounds required for growth. Similarly, it is advantageous to an organism 
to be able to synthesize all of its cell material from a single compound, but if 
organic growth factors are available, it would waste carbon and energy to 
synthesize them. Efficient use of the carbon and energy supply thus requires 
that a cell be able to control its metabolic processes to make only those 
enzymes that it needs in any particular situation. Since the carbon and energy 
sources are the most important requirements for growth on a quantitative 
basis, their efficient use is essential if the cell is to compete successfully with 
other organisms that use the same nutrients. 
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IMPORTANCE OF METABOLIC CONTROLS 

Maximum efficiency of utilization of carbon and energy requires more than 
the ability to make only the enzymes that are needed. If an organism is to 
grow at the maximum rate possible under the prevailing conditions, the 
synthesis of each cellular component must proceed at a rate determined by 
the requirement for that component; that is, to allow balanced growth, all 
reaction rates must be adjusted so that the products of synthetic pathways are 
formed in the ratios needed and no product accumulates in excessive 
amounts. Energy-producing pathways must also synthesize ATP as needed. 

The rate at which any pathway functions can be regulated in two ways: 
(1) by controlling the amounts of the enzymes of the pathway or (2) by 
c ontrolling the activities of the enzymes of the pathway . Microorganisms 
have developed mechanisms for exerting both types of control. Much of what 
is known of the mechanisms of metabolic control is based on studies of a 
single microbial species, Escherichia coli. Details of these control systems 
vary for different groups of enzymes within this single species and un¬ 
doubtedly vary from species to species, as some studies with other micro¬ 
organisms have shown. It is not yet certain how universal such controls are, 
since relatively few microorganisms have been studied. Perhaps the best 
evidence for the presence of metabolic control systems in a variety of 
bacteria comes from demonstration of their operation in heterogeneous 
microbial populations, which we shall describe later in this chapter. Regard¬ 
less of the variations that may be discovered in further research, it seems 
likely that the results accomplished by systems that differ in the details of 
operation will be similar. 

Two types of controls mentioned above—contrql qf enzyme synthesis 
and Control of enzy me activity — allow a combination of coarse and fine 
control?, which results in the efficient utilization of carbon and energy^ The 
coarse control ( repression ) operates at the level of enzyme syn thesis, deter¬ 
mining which enzymes are synt hesized.- Once an enzyme has been syn- 
theiized, it would continue to function, whether needed or not, without the 
fin e controls (f eedback inhibition), w hich o perate at the level of enzy me 
functianancrinhibit the activity of unneed ed existing e nzyme s. Thisjnhibition 
in a biosynthetic pathway may occur because the product of a pathway has 
been synthesized more rapidly than it has. been used or because it is available 
fcgm_an~external source. In the case of accumulation due to excessive 
synthesis^ the inhibition of enzyme function allows fine control of the rates of 
various pathways so that balanced growth can be achieved. 

We do not intend to give the impression that microorganisms are infallible 
in the control of their metabolic processes. Overproduction and excretion of 
biosynthetic products do occur and are very useful to other organisms that 
require these compounds as growth factors. We have mentioned previously 
(see Chap. 8) that vitamins may be supplied in this way to organisms such as 
blue-green bacteria that often require them in very small amounts. The yeast 
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Saccharomyces cerevisiae, the common species used in baking and brewing, 
overproduces the vitamin riboflavin. An interesting demonstration of the 
commensal relationship that can result from this property of the yeast was a 
study in which the yeast and a riboflavin-requiring species of the bacterium 
Lactobacillus were maintained in a two-member culture in a chemostat with 
a feed containing no riboflavin (Fredrickson, 1977). 

In our laboratories, we have isolated bacteria from heterogeneous popu¬ 
lations in a chemostat fed with minimal medium containing a single organic 
compound as sole source of carbon and energy, e.g., sorbitol. Many of these 
organisms were unable to grow in the same medium when tested in pure 
culture. Presumably, some required nutrient was supplied by other cells in the 
mixed population. It is probable that several factors may be involved in such 
interactions in heterogeneous populations. Cells unable to use the sole carbon 
and energy source supplied may be able to utilize incompletely metabolized 
products (metabolic intermediates) that are released into the medium by other 
cells. Cells that require organic growth factors may be able to grow in minimal 
medium using compounds released by the death and lysis of other cells. 
However, in some cases at least, it is likely that overproduction and release of 
organic growth factors, due to incomplete or defective metabolic controls, 
allow the growth of some species that require the compounds released. It is 
possible for an organism to overproduce and excrete vitamins in sufficient 
quantities to sustain the growth of other species without wasting a significant 
amount of carbon and energy, since vitamins are made and required in minute 
amounts. However, experiments have shown that loss of control of an 
important pathway can destroy the ability of a microbial species to compete. 
Mutants of Salmonella typhimurium that had lost both the fine and coarse 
control mechanisms (feedback inhibition and repression) for the biosynthesis 
of leucine had a 1.5-fold reduction in growth rate and a 43 percent reduction 
in cell yield. A mutant of Bacillus subtilis that had lost the ability to control 
the synthesis of the enzymes for tryptophan synthesis could not compete in a 
mixed culture with the parent strain, which retained the ability to control 
synthesis of these enzymes. In 26 generations, the ratio of parent to mutant 
increased by a factor of 10 5 . Since so great a selective pressure for the 
elimination of organisms that lack metabolic controls can be demonstrated, it 
seems likely that most, if not all, of the microorganisms that exist in natural 
habitats where carbon and energy supplies are limiting possess mechanisms 
for their efficient utilization. 

The first publication describing the mechanism of control of lactose 
utilization in E. coli (Jacob and Monod, 1961) was a significant milestone in 
microbiology. The model proposed for control of synthesis of the enzymes 
involved in lactose degradation was expected to be generally applicable to the 
control of other degradative pathways. However, that model was incomplete 
and was expanded by later studies. Investigation of the control of other 
degradative and biosynthetic pathways has revealed that much more com¬ 
plicated and less well understood control systems exist (Beckwith and Ros- 



THE FUNCTIONING OF GENETIC INFORMATION 573 


sow, 1974; Brenchley and Williams, 1975; Calhoun and Hatfield, 1975; 
Englesberg and Wilcox, 1974; Gots and Benson, 1974). We will confine our 
discussion of control mechanisms to the simplest and most completely 
understood examples that illustrate the principles involved in their operation 
and the conservation of carbon and energy that can be achieved. We shall 
begin with a brief description of the processes by which the genetic in¬ 
formation contained in the DNA is translated into the structures and func¬ 
tions that make the cell unique. 


THE FUNCTIONING OF GENETIC INFORMATION 

The pathway of information flow in a cell is from DNA to RNA to protein. 
We mentioned briefly in Chap. 3 the relationship between DNA and RNA. All 
RNA in the cell is involved, in one way or another, in the synthesis of 
proteins, and proteins are directly responsible for the characteristics of the 
cell. All of the structural components of the cell either are proteins or are 
made by proteins. All of the metabolic activities of the cell are the result of 
reactions catalyzed by specific enzyme proteins. The function of each protein 
is dependent on its structure, i.e., the linear array of amino acids, which 
makes up its primary structure and determines its secondary, tertiary, and (if 
applicable) quaternary structure. The functioning of genetic information thus 
depends on the translation of that information into a precise sequence of 
amino acids to form a protein, and the sequence of bases in that segment of 
the DNA is the “gene” for that protein and determines its amino acid 
sequence. It is necessary to examine the process by which proteins are 
synthesized before we attempt to describe the mechanisms by which their 
synthesis is controlled. 

Specific Base Pairing 

The fundamental mechanism by which genetic information is accurately 
copied and used is the formation of specific pairs of bases by hydrogen 
bonding—guanine with cytosine and adenine with thymine or uracil. As we 
discussed in Chap. 3, both DNA and RNA are polynucleotides—long 
polymers of nucleotides with the sugar-phosphate portions of the nucleotides 
joined by phosphodiester bonds to form a backbone to which the bases are 
attached. If one polynucleotide strand is used as a template, or pattern, its 
base sequence determines the sequence of bases in a complementary strand. 
Since the information resides in the base sequence, information can be copied 
faithfully and transferred from one polynucleotide strand to another. If the 
new polynucleotide strand is synthesized using deoxyribonucleotides, the 
DNA has been replicated. If a complementary strand is synthesized using 
ribonucleotides, the DNA has been transcribed into RNA. If amino acids are 
attached to polynucleotides and those polynucleotides, by specific base pair- 
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ing with an RNA template, arrange the amino acids in the proper order to 
form a specific protein, the genetic information has been translated. Repli¬ 
cation, transcription, and translation are the processes by which genetic 
information is preserved and utilized. 

Replication of DNA 

When a cell divides, each daughter cell must receive a complete and accurate 
copy of its genetic information. This is accomplished by separation of the two 
strands of the double-stranded DNA molecule, each being used as a template 
for the synthesis of a new complementary strand (see Fig. 12-1). Two 
identical double-stranded molecules of DNA are thus formed. The bases that 
form the new strands are arranged in the proper sequence by the formation of 
specific pairs; for example, if adenine is the tenth base in the template strand, 
only thymine will fit in the tenth position in the new strand being synthesized. 



Figure 21-1 The replication of DNA. The separated strands of the double-stranded parent molecule 
are used as templates for synthesis of complementary strands, resulting in two identical 
double-stranded molecules. The base at each position is selected by its ability to form hydrogen 
bonds (specific base pairing) with the base in the template strand. The phosphodiester bonds joining 
the bases are formed by DNA polymerase. (The process is actually more complicated than we have 
depicted it to be. The new DNA strands are synthesized in short segments using RNA primers that 
are then removed and replaced with DNA. The ends of the segments are joined by DNA ligase.) 
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The monomers used for the synthesis of DNA are the deoxyribonucleoside 
triphosphates (dATP, dGTP, dTTP, and dCTP). The enzyme that cleaves the 
two terminal phosphates and forms the phosphodiester bonds between ad¬ 
jacent nucleotides is DNA polymerase or more properly, DNA-dependent 
DNA polymerase, which means that its polymerizing activity is dependent on 
the availability of a DNA molecule to serve as template. This mode of DNA 
replication, in which each new double-stranded molecule formed contains one 
old and one new strand, is called semiconservative. 


RNA Synthesis—Transcription 

The synthesis of RNA on a DNA template is similar to the synthesis of a new 
strand of DNA, in that the base that occupies each position is selected by the 
process of specific pairing with the base in the corresponding position in the 
template strand. Phosphodiester bonds between adjacent bases are then 
formed by an RNA polymerase, i.e., by DNA-dependent RNA polymerase. 
The nucleotides required are the four ribonucleoside triphosphates (ATP, 
GTP, UTP, and CTP), and in the synthesis of RNA, uracil rather than 
thymine pairs with adenine in the template DNA (see Fig. 12-2). 

Although the polymerization process is similar, transcription is more 
complex than replication for several reasons. When DNA is replicated, a 
complete new molecule is made. When an RNA molecule is made, it is 
transcribed from only a short segment of the DNA. There must be punc¬ 
tuation marks” or “start and stop signals” to ensure that exactly the segment 
needed is copied. Also, since only one strand of the DNA is used as a 
template for RNA synthesis, and since the two strands are complementary, 
not identical, there must be a means of choosing the strand that carries the 
information—the sense strand. In addition, for the control of protein synthesis 
that we have been discussing, there must be a method of preventing the 
synthesis of proteins that are not needed, and there must also be a means of 
controlling the rate or frequency of transcription of the genes for different 
proteins so that proteins are made in the amounts needed. For example, 
enzymes involved in the synthesis of vitamins are needed in much smaller 
amounts than are the enzymes involved in the synthesis of an amino acid or in 
the metabolism of the energy source. Segments of the DNA, short nucleotide 
sequences, between genes are used as start and stop signals for RNA 
synthesis and for control at the level of transcription. 

RNA polymerase must bind to DNA to initiate transcription. The enzyme 
in E. coli is composed of four different types of protein subunits, a, co, p, and 
P', and the core enzyme contains two a subunits, one a> subunit, and one 
each of the (3 and j3' subunits. The core enzyme can bind to DNA and 
synthesize RNA, but the recognition of the proper starting point for synthesis 
and the selection of the sense strand depend on the association of a sixth 
subunit <r with the core enzyme. 

The region of the DNA that contains the binding site for RNA polymerase 
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Figure 12-2 Transcription—the synthesis of RNA on a DNA template. The strands of the DNA molecule are unwound for a short distance RNA 
polymerase uses one strand of the DNA, the sense strand, as a template for the synthesis of a single strand of RNA, complementary to the DNA The 
choice of bases is dictated by the formation of specific hydrogen-bonded pairs, as it is in DNA replication, G pairing with C and A with U (rather than A 
with T as in DNA). 
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and the start signal for transcription is the promoter. This is a sequence of 
bases (80 in the lactose promoter) that precedes the gene or genes to be 
transcribed. RNA polymerase with the cr subunit recognizes the binding site 
within the promoter, selects the sense strand, and initiates RNA synthesis at 
the proper base. In a manner not yet understood completely, the promoter 
also determines the frequency with which RNA synthesis is initiated for the 
genes under its control and therefore controls the rate of synthesis of the 
corresponding proteins. Once transcription has begun, cr dissociates from the 
core enzyme. Another protein p is thought to be required to recognize the 
stop signal. 

Three types of RNA are involved in protein synthesis: (1) ribosomal 
RNA (rRNA), the RNA that along with the ribosomal proteins forms the 
ribosome; (2) transfer RNA (tRNA), the low molecular weight RNA mole¬ 
cules that transport and position amino acids for protein synthesis; and (3) 
messenger RNA (mRNA), which contains the genetic information for the 
amino acid sequence of the protein. Only the mRNA is specific for the 
synthesis of a certain protein (or several proteins). The same ribosomes and 
tRNA molecules can be used for the synthesis of any protein and are 
constantly reused for making different proteins. The mRNA determines the 
protein to be synthesized. Therefore, the control of protein synthesis must act 
at the level of mRNA synthesis. The synthesis of any specific protein is 
prevented by preventing the synthesis of the mRNA that carries the in¬ 
formation for its structure. Unlike the other types of RNA, mRNA is not 
stable, at least in bacteria. A molecule of mRNA is degraded about 2 min after 
it is synthesized so that each molecule can be used to make only a few 
molecules of protein. This allows the synthesis of any protein to be stopped 
rapidly when it is no longer needed. If a protein is to be synthesized 
continuously in bacteria, the corresponding mRNA must be synthesized 
continuously. 

Synthesis of Protein—Translation 

The synthesis of a protein is a much more complex process than replication or 
transcription. It requires the participation and proper functioning of a variety 
of components, only one of which, the mRNA, is specific for the protein to be 
made. This molecule, which carries the information copied from the DNA, 
can be considered as a “shop copy” of a portion of the master blueprint for 
the cell, the DNA. Each molecule of mRNA contains the information for the 
sequence of amino acids that will constitute a protein molecule. Each amino 
acid is coded by a base triplet; i.e., three sequential bases are the codon that 
specifies a particular amino acid. The genetic code is shown in Table 12-1. The 
first base of the triplet codon is shown in the left-hand column, the second 
base at the top, and the third in the last column on the right. For example, the 
codon CUU specifies leucine, AAA specifies lysine, and GUA specifies 
valine. It is apparent from the table that most amino acids can be specified by 
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Table 12-1 Codons for the amino acids* 
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*Nonsense (Non) codons are signals for ter¬ 
mination of protein synthesis. 


more than one codon. This is referred to as the degeneracy of the code; i.e., 
there is no one-to-one correspondence between the number of amino acids 
and the number of possible code words, or codons. 

At the beginning of each series of codons that specifies the amino acid 
sequence for a protein is the initiation codon AUG, which is the “start signal” 
for synthesis of the protein. At the end of the series of codons for that 
protein, there are one or more “stop signals,” the termination codons UAA, 
UGA, or UAG, which code for no amino acid and are called nonsense codons 
(see Table 12-1). A single molecule of mRNA may contain the information for 
the synthesis of several proteins, usually enzymes of the same pathway, and 
this is important in the control of their synthesis. Such polycistronic mRNA 
molecules contain start and stop signals for each protein, so that the proteins 
are synthesized separately but sequentially. 

Since the code for the amino acid sequence of the protein is in the form 
of a specific sequence of bases along the mRNA, the proper positioning of the 
amino acids for polymerization must involve a molecule that can recognize 
the codons. This is achieved by attaching each amino acid to a small 
(approximately 25,000 molecular weight) RNA molecule (see Fig. 12-3), the 
transfer RNA, which carries the anticodon for that amino acid, i.e., three 
bases complementary to the codon for the amino acid. By specific pairing 
between the codon on the mRNA and the anticodon on the tRNA, as we shall 
see shortly, the amino acid is placed at the proper position in the growing 
protein molecule. 
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Figure 12-3 Structure of phenylalanine transfer RNA (tRNA). (A) The sequence of bases shown in 
a cloverleaf structure in which the loops are formed by specific pairing of bases. All transfer RNA 
molecules that have been examined have similar structures. All contain a number of unusual 
bases. (B) The same tRNA molecule depicted as a space structure, based on x-ray studies. (From 
Strickberger, 1976.) 
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Amino acid + ATP aa ATP 



Enzyme-amino acyl-tRNA 



Figure 12-4 Activation of an amino acid and attachment to its specific tRNA. The enzyme, 
aminoacyl-tRNA synthetase, is specific for the amino acid, which it recognizes and activates by 
formation of an enzyme-bound aminoacy 1-AMP. The enzyme also recognizes the specific tRN A that 
carries the anticodon specifying the amino acid. The enzyme binds the tRNA and transfers to it the 
amino acid, releasing AMP and aminoacyl-tRNA. 


Attachment of an amino acid to its specific tRNA requires “activation” of 
the amino acid. For each different amino acid, there is an enzyme that 
recognizes that amino acid and its tRNA. In the activation step, this enzyme, 
the aminoacyl-tRNA synthetase, forms a complex with the amino acid, using 
ATP to supply energy for the reaction (see Fig. 12-4). The two terminal 
phosphates of the ATP are released (as inorganic pyrophosphate) and the 
aminoacyl-AMP is bound to the enzyme. The amino acid is then transferred 
to the correct tRNA molecule, and the AMP is released. 
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Figure 12-5 The initiation of protein synthesis. Initiation requires a molecule of messenger RNA 
(mRNA), a tRNA carrying the anticodon UAC and a formylated methionine, the 30S subunit of the 
ribosome, and three proteins, initiation factors IF1, IF2, and IF3. The mRNA, synthesized as 
depicted in Fig. 12-2, carries the information for the amino acid sequence of a protein. The transfer 
RNA is depicted here, for convenience, as a simple hairpin structure. The tRNA, by specific base 
pairing of its anticodon with the initiation codon AUG in the mRNA, binds to the mRNA. The mRNA 
binds to the 30S subunit of the ribosome to form the initiation complex. The 50S subunit then 
associates with the complex, binding to both the 30S subunit and the tRNA. This completes the 
functional 70S ribosome. 
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The first step in the assembly of a protein molecule is the formation of the 
initiation complex (see Fig. 12-5). The mRNA molecule that contains the 
information for the amino acid sequence of the protein becomes attached to 
the 30S subunit of a ribosome, along with a special tRNA molecule that 
carries the anticodon for the initiation codon AUG and to which is attached 
N-formylmethionine (F-met). Three proteins called initiation factors, IF1, 
IF2, and IF3, are required for this step. The 50S subunit is then added to the 
initiation complex to form the complete 70S ribosome. The ribosome has two 
sites for attachment of tRNA molecules, the P (peptidyl) site and the A 
(aminoacyl) site. The tRNA carrying N-formylmethionine is bound to the P 
site. The tRNA that carries the anticodon corresponding to the next codon on 
the mRNA then binds to the A site, as in Fig. 12-6A. The peptidyltransferase 
that forms the peptide bonds between adjacent amino acids is part of the 50S 
subunit. This enzyme, using GTP rather than ATP to supply energy for bond 
formation, transfers the amino acid from the tRNA at the P site to the amino 
acid on the tRNA at the A site, forming a peptide bond, as in Fig. 12-6 B. The 
tRNA at the P site is then released from the ribosome and is available to react 
with another molecule of its specific amino acid. When the P site is vacant, 
the ribosome moves along the mRNA molecule, bringing the tRNA that was 
at the A site into the P site, thus leaving the A site open for binding the tRNA 
carrying the third amino acid of the protein, as in Fig. 12-6C. Again, a peptide 
bond is formed and the first three amino acids of the protein are now joined in 
the proper order and are attached to the tRNA at the A site through the third 
amino acid. This process is repeated, with each new amino acid being brought 
in at the proper position by recognition of the three bases (codon) at the A 
site by the tRNA bearing the complementary three bases (anticodon). For¬ 
mation of each peptide bond and movement of the ribosome (translocation) 
require GTP. Proteins called elongation factors, EF-Tu, EF-Ts, and EF-G, 
are required in the binding of the aminoacyl-tRNA to the A site and in the 
translocation of the ribosome. Finally, when a termination codon is reached, 
signaling the end of the protein molecule, at least three additional proteins 
called release factors are required. These are responsible for releasing the 
completed protein from the tRNA to which it is still attached through the 
C-terminal amino acid and releasing this final tRNA from the ribosome. The 
ribosome then is dissociated into its 30S and 50S subunits and is ready to 
begin the process again with another molecule of mRNA. The completed 
protein molecule assumes the three-dimensional structure dictated by its 
amino acid sequence. 

In bacteria, all proteins are synthesized with N-formylmethionine as the 
N-terminal amino acid, since the corresponding tRNA is involved in the 
formation of the initiation complex; protein synthesis proceeds from the N 
terminal (amino end) to the C terminal (carboxyl end). Many bacterial 
proteins have methionine as the N-terminal amino acid, but not all do. After 
the synthesis of the protein has started, the formyl group may be removed 
enzymatically, leaving methionine as the N-terminal amino acid, or the 
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Figure 12-6 Synthesis of a protein. (A) After the formation of the initiation complex and addition of 
the 50S subunit (see Fig. 12-5), the tRNA bearing the amino acid specified by the second codon of the 
mRNA binds to the ribosome at a site adjacent to that at which the initial tRNA is bound. (B) The 
amino acid carried by the tRNA at the P (peptidyl) site is transferred to the amino acid carried by the 
tRNA at the A (aminoacyl) site, with formation of a peptide bond catalyzed by an enzyme, 
peptidyltransferase, which is a component of the 50S subunit, (c) The ribosome is translocated, 
moving a distance of three bases along the mRNA. This brings the tRNA previously at the A site to 
the P site; the free tRNA has been released. The A site is then occupied by the tRNA bearing the 
anticodon that matches the third codon of the mRNA. Repetition of steps (B) and (C) results in a 
growing polypeptide, with each amino acid brought into the proper position by specific base pairing 
between the anticodon of its tRNA and the complementary codon of the mRNA. 
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Figure 12-7 The polyribosome (polysome). The polysome is formed by simultaneous translation of a 
single molecule of mRN A by a number of ribosomes. As each ribosome moves along the mRN A from 
the initiation point, another initiation complex is formed (see Fig. 12-5) and another ribosome begins 
the synthesis of a protein molecule. The ribosome continues to add amino acids to the growing 
polypeptide until it reaches a termination signal, a nonsense codon for which there is no 
corresponding tRNA. Protein “release factors” are required to dissociate the ribosome, the 
completed protein, and the final tRNA. Polysomes may be composed of variable numbers of 
ribosomes depending on the length of the mRN A being translated. 


N-formylmethionine may be removed. In eucaryotic cells, methionine rather 
than N -formylmethionine is used in the initiation of protein synthesis. 

Protein synthesis is a rapid process in spite of its complexity. In bacteria, 
approximately 20 amino acids can be added to a growing polypeptide chain 
per second. Each mRN A molecule is translated simultaneously by a number 
of ribosomes (see Fig. 12-7). The molecule of mRNA that bears multiple 
ribosomes is called a polysome (polyribosome). After a molecule of mRNA 
has been utilized as the template for the synthesis of protein for ap¬ 
proximately 2 min (average time in bacteria), it is destroyed by the enzyme 
ribonuclease (RNase), which digests the molecule beginning at the 5' end (the 
end at which ribosomes attach to begin the translation process). 


CONTROL OF PROTEIN SYNTHESIS 


Let us consider a hypothetical pathway in which compound A is converted to 
compound E: 


enz a „ enz b _ enz c enz d 

A- >B -> C-> D- 


E 


Four enzymes, a, b, c, and d, catalyze the four steps of the pathway, and the 
structure of each enzyme is encoded in the DNA. The pathway could be a 
biosynthetic (anabolic) one, in which case A would be a metabolic inter¬ 
mediate derived from the carbon source and E would be the end product of 
the pathway, perhaps an amino acid. Or the pathway could be a degradative 
(catabolic) one, in which case A would be a substrate, e.g., a sugar, and E 
would be a product formed from the substrate, either a final product of 
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degradation or a metabolic intermediate that could enter one of the central 
catabolic pathways. In either case, the pathway is not needed at all times, so 
continuous synthesis of the enzymes would waste carbon and energy. We shall 
use this hypothetical pathway to provide a very simplified explanation of the 
principles involved in metabolic control and the mechanisms by which such 
control is achieved. 

Since the first step in the synthesis of any specific protein is transcription 
of the gene carrying the information for its structure, i.e., synthesis of the 
mRNA for that protein, maximum conservation of carbon and energy can be 
achieved by blocking transcription. Also, since the enzymes of a pathway are 
needed, or not needed, as a unit, it would be advantageous to place the 
synthesis of the mRNAs for all of the enzymes of a pathway under a single 
control. This is achieved by organization of the genes for related enzymes, 
i.e., enzymes for the same pathway, into operons. An operon, in its simplest 
form, is a group of contiguous genes with a single promoter and a single 
operator, as we shall see below. Not all pathways are controlled as single 
operons, but this type of organization occurs more frequently than not in 
bacteria. We will assume that the genes for our hypothetical pathway are 
arranged in a single operon. As often occurs, the order of the genes is the 
same as the order in which the enzymes function in the pathway. These genes 
can now be transcribed as a unit; that is, a polycistronic messenger, a single 
molecule of mRNA that carries the information for making all the enzymes of 
the pathway, can be synthesized. Thus, if one of the enzymes of the pathway 
is synthesized, all will be, and the entire pathway will be controlled as a unit. 

We have said that in beginning transcription, the RNA polymerase binds 
to the promoter that precedes the gene. When several genes are to be 
transcribed to form a polycistronic mRNA, a single promoter can be the 
attachment site for the transcription of all the genes that constitute the 
operon. When RNA polymerase binds to the promoter, it moves along the 
sense strand of the DNA in the 3'-*-5' direction, making an RNA strand 
complementary to the DNA. Prevention of transcription is accomplished most 
simply by physical blockage of either the binding or the movement of the 
RNA polymerase. For proteins whose synthesis must be controlled, a short 
sequence of bases (the operator) between the promoter and the gene allows 
this blockage to occur by serving as a binding site for a repressor. When the 
repressor is bound to the operator, transcription cannot begin. The repressor 
is a protein with a structure determined by the regulator gene for the pathway 
it controls. For each pathway that is subject to control, there is a regulator 
gene responsible for the synthesis of a repressor specific for that pathway. 
The specificity of the repressor lies in its ability to recognize and bind to the 
operator region that precedes the genes for the enzymes of the pathway. It is 
not necessary that the regulator gene be located in or near the operon it 
controls, since its product, the repressor, is synthesized like all proteins on 
ribosomes and released into the cytoplasm. 

Returning to our hypothetical pathway, we can now summarize the 
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Figure 12-8 An operon and its regulator gene. The line represents the sense strand of the DN A. The 
contiguous segments P to SG 4 comprise the operon. SGi, SG : , SG 3 , and SG 4 are genes specifying the 
amino acid sequences of four proteins, enzymes catalyzing steps in a metabolic pathway. The 
arrangement of the structural genes as an operon allows coordinate control of the synthesis of all four 
enzymes, since the mRNA for the operon is made as a single molecule, a polycistronic mRNA. The 
synthesis of the mRNA is regulated by the three control elements P, O, and RG that are specific for 
this operon. P. the promoter, is the site at which RNA polymerase must bind to initiate transcription. 
O, the operator, is the binding site for a protein repressor whose structure is specified by the regulator 
gene RG. Binding of the repressor to the operator blocks transcription, thereby preventing synthesis 
of the proteins. 


information that must be contained in the DNA if the pathway is to function 
properly in the cell and be controlled by the cell’s need for it. In Fig. 12-8, the 
sense strand of the DNA is represented by a line on which the genes are 
indicated as segments of varying length. The genes that carry the information 
for the structure (amino acid sequence) of the four enzymes of the pathway 
are the structural genes, genes 1, 2, 3, and 4. Gene 1 specifies the amino acid 
sequence of enzyme a, which catalyzes the conversion of A to B, and so on. 
Three control genes, or control elements, are required to control the synthesis 
of the enzymes. These are the regulator gene RG, the promoter P, and the 
operator O. The regulator gene must, of course, have its own promoter to 
allow binding of the RNA polymerase that transcribes it. However, since the 
synthesis of the repressor is apparently not controlled by repression in most 
cases, no operator is required. The promoter, the operator, and the structural 
genes comprise the operon and form a continuous segment of the DNA. 

For some pathways, the structural genes may be organized into two or 
more operons. For example, in a pathway of eight enzymes, the structural 
genes for three of the enzymes might be located in one operon and those for 
the other five enzymes in a second operon. In such cases, the operators for 
both operons would bind the repressor produced by the same regulator gene, 
so that transcription of both operons would be subject to the same control 
and the enzymes of the entire pathway would or would not be synthesized. 

Different types of pathways require different variations of the basic 
scheme described above because of the different situations in which control 
of enzyme synthesis is needed. We may understand these most easily by 
considering the environmental situations that the cell encounters and its need 
to evolve mechanisms for maximizing its metabolic efficiency. The prototro¬ 
phic microorganism, such as E. coli or a Pseudomonas species, has the 
greatest need for metabolic controls since it has the greatest capability for 
synthesizing a variety of enzymes. Such organisms growing in a pond, a 
stream, or treatment plants are subjected to a continually changing supply of 
nutrient materials. Growth factors such as amino acids may be present at 
some times and absent at others. Carbon and energy sources vary in 
availability. One compound may be present for a time and then may be used 
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up and replaced by another. There may be only one available source of 
carbon and energy, or several may be available at the same time. The 
organism is faced with the need to grow with the greatest possible efficiency if 
it is to survive in competition with other organisms that have the same 
nutritional needs. Through millions of years of evolution, bacteria have 
developed metabolic control mechanisms that allow them to make three types 
of adjustments to changing environmental conditions. For maximum 
efficiency of utilization of the available carbon and energy: 

1. The cell should not synthesize a required growth factor if it is available in 
the environment. 

2. The cell should not synthesize the enzymes required for metabolism of a 
carbon and energy source that is not available in the environment. 

3. If more than one source of carbon and energy is available simultaneously, 
the cell should not synthesize the enzymes required for metabolism of the 
substrate that is used less efficiently until the preferred substrate has been 
exhausted. 

We do not intend to imply that these capabilities for control are uni¬ 
versally applicable. Not enough different species of bacteria have been 
examined to determine whether all bacteria have all three capabilities. Even in 
E. coli and other organisms in which metabolic controls have been tested, 
there are exceptions to the above rules and there are differences among 
organisms. For example, E. coli makes the enzymes required for the 
metabolism of glucose whether it is available or not, whereas P. aeruginosa 
makes the enzymes for the metabolism of glucose only in the presence of 
glucose. The three statements above describe the ideal situation, in which 
there would be no waste of carbon and energy for the synthesis of unneeded 
enzymes. It is probable that no bacterial species is completely efficient in 
controlling its enzyme synthesis. However, those species that have been 
tested do possess all three types of controls described above at least for the 
control of most pathways. As we shall show later in this chapter, the second 
and third types of controls are of particular importance in the biological 
treatment of wastes and are readily demonstrated in heterogeneous microbial 
populations. 

We shall consider each of the three types of controls separately, since 
each requires a somewhat different solution to the problem of preventing 
transcription of the genetic information when the enzymes are not required. 

Control of Biosynthetic Pathways 

If our hypothetical pathway that converts compound A to E were a biosyn¬ 
thetic one, then E might be an amino acid that the cell must have if it is to 
grow. Unless the amino acid is available from an external source, it must be 
made by the cell. We have said that there is a regulator gene for each pathway 
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Figure 12-9 Control of a biosynthetic pathway. (A) The repressor synthesized by the regulator gene 
for a biosynthetic pathway is inactive; i.e., it cannot bind to the operator. Both the regulator gene and 
the structural genes are transcribed into mRN A, which is translated to form proteins. (B ) If an excess 
of E, the product of the pathway, is present, it binds to the repressor, which changes its configuration 
to an active form in which it can recognize and bind to the operator. While sufficient E is present to 
react with the repressor, no mRNA is made and the enzymes that would produce more E, already 
present in excess, are not synthesized. 


and that this gene specifies the amino acid sequence of the repressor protein 
for the pathway. We also said that synthesis of the repressor is not con¬ 
trolled, at least in some pathways; that is, it is synthesized continuously 
although at a relatively slow rate. However, in spite of the presence of 
repressor, the enzymes of the pathway are synthesized unless the end product 
of the pathway E accumulates in the cell (see Fig. 12-9 A). This type of control 
is possible because, for biosynthetic pathways, the repressor made by the 
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regulator gene is inactive and cannot recognize or bind to the operator. The 
repressor is “activated” by binding the corepressor, which is the end product 
of the pathway. The binding of E to the repressor for the pathway for 
synthesis of E causes a conformational change in the repressor. It assumes a 
different spatial configuration, which allows it to recognize and bind to the 
operator and prevent the synthesis of mRNA for the enzymes (see Fig. 
12-9 B). 

The type of control exerted in biosynthetic pathways is called repression. 
The enzymes of the pathway are synthesized unless they are not needed 
because the product of the pathway is present in the cell at a certain 
concentration at which it binds to and activates the repressor. When the 
accumulated supply of the product of the pathway has been used, the product 
is no longer available to bind to the repressor and the pathway is derepressed; 
i.e., the repressor becomes inactive and transcription begins, followed by 
synthesis of the enzymes. 


Control of Catabolic Pathways 

In E. coli, on which most studies of control mechanisms have been made, the 
enzymes for the degradation of glucose are synthesized whether glucose is 
present or absent. Such enzymes are called constitutive. The enzymes for the 
degradation of most other compounds that can serve as carbon and energy 
source are inducible. Their synthesis is induced only when they are required 
because the substrate upon which they act (or a compound of similar 
structure) is present. If our hypothetical pathway were a catabolic one, 
compound A might be a sugar such as ribose or lactose, which is degraded by 
an inducible pathway. In most cases, the operon would include, in addition to 
the structural genes for the degradative enzymes, a structural gene for a 
protein responsible for transporting the substrate into the cell. These proteins 
may be designated by the name originally given to them— permeases — 
indicating their function in controlling the permeability of the cell to a specific 
compound. More recent studies have shown that different compounds are 
transported by different mechanisms, and the general term transport proteins 
is often used for proteins that have some function in the transport of 
compounds across the cell membrane. Whatever they are called, proteins 
involved in transport of the substrate into the cell are often included among 
the proteins whose synthesis is controlled by the presence of the substrate. 

Since an inducible pathway may be needed only infrequently, it is 
probably advantageous to the cell to make an active repressor that can bind to 
the operator for the pathway without a requirement for activation by a 
corepressor. Repressors for catabolic pathways are of this type. The repres¬ 
sor is active and binds to the operator, thus preventing transcription of the 
structural genes unless the substrate is present (see Fig. 12-10A). The sub¬ 
strate, or a structurally similar compound, acts as an inducer that binds to the 



590 CONTROL OF METABOLIC REACTIONS 



P O SG! SG 2 SG 3 SG 4 , P RG 

H-1—I -1- 1——— t-1- \ - 1 I , 


B 


P 0 SG| 
■HSH-1- 



I (inducer) S’ 



gr-I 


Inactive repressor 

SG 2 SGj SG 4 P RG 

——I-h-—-1- \ -H-h 

I Transcription 


| Translation 

^ 


,A 




Figure 12-10 Control of an inducible catabolic pathway. (A) The repressor synthesized by the 
regulator gene for an inducible pathway recognizes and binds to the operator, blocking synthesis of 
rnRNA. (B) If the substrate for the pathway is present, so that enzymes for its metabolism are 
needed, the substrate acts as an inducer, binding to and inactivating the repressor. Transcription does 
not occur, however, even though the operator is free, or else it occurs only with extremely low 
frequency. (C) Binding of RNA polymerase to the promoter to initiate transcription requires prior 
binding to P of the protein CRP, the cyclic AMP receptor protein, which is active only when 
complexed with cyclic AMP (see Fig. 12-11). If the cellular supply of c-AMP is low, as it is when a 
readily used substrate such as glucose is available, transcription is prevented by inefficient binding of 
RNA polymerase to the promoter (B). 

repressor and changes its spatial configuration so that it can no longer bind to 
the operator (see Fig. 12-10B). 

A further complication in the control of inducible catabolic pathways in 
E. coll has been discovered recently. For the induction of enzyme synthesis, 
it is not sufficient that the operator be free of bound repressor. Efficient 
binding of RNA polymerase to the promoter can occur only after another 
protein has been bound to the promoter, and this second protein must be 
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activated first by a small molecule, 3',5'-cyclic adenosine monophosphate 
(c-AMP), shown in Fig. 12-11. The protein, cyclic AMP receptor protein 
(CRP),* after binding c-AMP, is able to recognize and bind to the promoter. 
The promoter is then able to bind RNA polymerase, which initiates tran¬ 
scription of the operon if the operator region is not occupied by a repressor 
protein (see Fig. 12-10C). Thus, the synthesis of the enzymes of an inducible 
catabolic pathway requires: (1) inducer to bind to the repressor, inactivate it, 
and remove it from the operator; (2) cyclic AMP; and (3) cyclic AMP 
receptor protein, which binds c-AMP and can then bind to the promoter and 
facilitate binding of RNA polymerase. 

Choice of Available Substrates 

Monod (1947) was the first to report the phenomenon of diauxic growth and 
to suggest an explanation for it, although the mechanism underlying the 
phenomenon was a thoroughly investigated puzzle for many years and has 
been solved only recently. Figure 12-12 shows the type of growth curve 
Monod observed for the bacterium Bacillus subtilis when it was placed in a 
medium containing two sources of carbon and energy. He explained the two 
distinct phases of growth (diauxie) as the result of sequential use of the two 
compounds. The pause between growth cycles was a period of adaptation to 
the second substrate. By testing a number of combinations of sugars, sugar 
alcohols, and other substrates, Monod was able to classify these compounds 
as either A or B substrates. When the medium contained two substrates that 
the organism had the genetic ability to metabolize, the A substrate would be 
utilized completely before use of the B substrate began. The lag before use of 
the B substrate implied that the enzymes for its use were not made as long as 
the A substrate was present. 


This protein is referred to also by some authors as CAP, the catabolite activator protein. 
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Figure 12-12 A typical diauxic 
growth curve. Cells inoculated 
into medium containing two sub¬ 
strates that can serve as carbon 
and energy sources utilize the 
substrates sequentially. The more 
readily used substrate (the A 
compound) is metabolized during 
the first growth cycle. Rapid 
metabolism of the A substrate 
depresses the cellular c-AMP 
supply, and the inducible enzymes 
for utilization of the B substrate 
are not synthesized. When the A 
compound has been utilized, the 
enzymes required for synthesis of 
the B substrate are induced and a 
second cycle of growth ensues. 
The period required for induction 
appears as a pause between 
growth cycles. 


This phenomenon was studied for a number of years by several in¬ 
vestigators using various bacterial species. It came to be known as the glucose 
effect, since glucose almost invariably was used preferentially (as an A 
substrate) when combined with other substrates. Another proposed name that 
is still used to describe the phenomenon is catabolite repression. This term 
was proposed because the most widely accepted explanation of the effect of 
glucose on the catabolism of other compounds involved an inactive repressor, 
similar to that for biosynthetic pathways, that could be activated by a 
catabolite formed from glucose, acting as a corepressor. The hypothetical 
corepressor was never identified in spite of intensive research. 

Only after the discovery of the requirement for cyclic AMP and its 
receptor protein for the transcription of inducible catabolic operons (Perlman 
and Pastan, 1968) did the true explanation of the glucose effect evolve. In 
cells that grow on glucose, the levels of cyclic AMP are very low. Thus, even 
though the inducer for the pathway may be present, so that the repressor is 
inactivated, not enough c-AMP is available to bind to CRP and allow its 
binding to the promoter. RNA polymerase is therefore not able to bind to its 
site on the promoter to initiate transcription. If c-AMP is added to the 
medium, the enzymes for the catabolism of both substrates are synthesized 
simultaneously; that is, the glucose effect is nullified. 

If our hypothetical pathway were for the catabolism of a B substrate, e.g., 
lactose, and cells of E. coli were inoculated into a medium containing a 
mixture of glucose and lactose, the growth curve observed would be similar to 
that shown in Fig. 12-12. The events taking place inside the cell would be as 
follows: 
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1. Since the enzymes for the metabolism of glucose are synthesized con- 
stitutively, the metabolism of glucose begins immediately. 

2. The lactose operon is repressed except in the presence of lactose, so the 
cell has only very low preexisting levels of the permease for lactose and of 
the enzymes specific for the degradation of lactose. When the cells were 
placed in a medium containing lactose, a very small amount of lactose 
could enter the cell; this amount is sufficient to inactivate the repressor for 
the lactose operon. 

3. Since the cell is using glucose as its carbon and energy source, c-AMP is 
not available for activation of CRP, and efficient binding of RNA poly¬ 
merase to the promoter of the lactose operon cannot occur. A very low 
level of synthesis of the enzymes of the lactose operon could proceed 
through transcription initiated at a less efficient binding site that does not 
require c-AMP-CRP. 

4. When the supply of glucose is exhausted, the low level of lactose- 
metabolizing enzymes in the cell can begin to utilize lactose as the sole 
carbon and energy source. Growth rate decreases because lactose cannot 
be metabolized rapidly until a high level of the necessary enzymes is 
present. As the level of c-AMP rises, transcription of the lactose operon 
becomes efficient, the enzymes of the pathway are synthesized rapidly, and 
the growth rate increases to that characteristic of growth on lactose as 
carbon and energy source. 

For this type of control mechanism, whereby an organism uses pref¬ 
erentially the substrate that it can metabolize most rapidly, the term catabolite 
repression is a misnomer. The operon is not repressed, since the repressor has 
been inactivated by the inducer. The process of induction is simply in¬ 
complete or ineffective because, although the operator is free of repressor, 
transcription cannot be initiated effectively. For different species of bacteria, 
different compounds may be used preferentially. In general, compounds that 
allow the most rapid growth are used preferentially. 


CONTROL OF ENZYME ACTIVITY 

As stated earlier in this chapter, for maximum efficiency of growth it is 
necessary not only to avoid synthesizing unneeded enzymes but also to 
regulate the activities of all the metabolic pathways so that products are made 
at approximately the rates at which they are used and energy (ATP) is 
supplied as needed. This is a very complex undertaking since many pathways 
are related through common substrates (starting materials), common inter¬ 
mediates, or even common reactions (branching pathways). In general, a rapid 
and readily reversible means of controlling the rates of enzymatic reactions is 
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Figure 12-13 Feedback inhibition. Fine con¬ 
trol of the functioning of a biosynthetic 
pathway is achieved by inhibition of the 
initial enzyme of the pathway by the product 
of the pathway. The rate of synthesis of a 
product can thus be adjusted to the rate at 
which it is utilized, thus preventing wasteful 
synthesis and accumulation. 


required, and this is accomplished through the reversible inhibition of certain 
key enzymes. 

Let us consider again the hypothetical pathway converting compound A 
to E, assuming that E is an amino acid and that there is no exogenous source 
of E. The operon is derepressed so that the enzymes a, b, c, and d are being 
synthesized and, through the reactions catalyzed by them, E also is being 
synthesized. Compound E is also being utilized by the cell in the synthesis of 
all the proteins it requires for growth. At some point in time, the rate of 
production of E may exceed its rate of consumption, so that E begins to 
accumulate. When a specific, low level of E has accumulated, it prevents 
further accumulation by inhibiting its own production. This process, called 
feedback inhibition or end-product inhibition, involves the binding of E to 
enzyme a; that is, the product of the pathway binds to and inhibits the initial 
enzyme of the pathway (see Fig. 12-13). It is necessary to inhibit only the first 
enzyme, since if it is inactive, no substrates are available for the subsequent 
reactions. 

In this case, as in others in which small molecules bind to proteins and 
alter their function, the inhibition is due to a change in the spatial configura¬ 
tion of the protein, preventing its normal catalytic activity. We have seen 
examples of similar effects in the binding of corepressors and inducers to 
repressors and in the binding of c-AMP to its receptor protein. Proteins with a 
spatial configuration that is altered by the binding of a small molecule (an 
effector ) are called allosteric proteins. 

Feedback inhibition occurs in biosynthetic pathways and regulates the 
production of all the monomers that are utilized for synthesis of the cellular 
polymers. This is a rapid and fine control that adjusts the rates of production 
to rates of utilization. The levels of end products required for the repression 
of enzyme synthesis are somewhat higher than those required for feedback 
inhibition, so that repression occurs only when production and utilization are 
grossly imbalanced or when the product enters the cell from an exogenous 
source. 

Several modifications of simple feedback inhibition have been found in 
some of the more complex biosynthetic pathways in which two or more 
amino acids are synthesized by pathways that branch from a series of 
common reactions. Such a pathway might be similar to the following: 
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The three amino acids, E, H, and J, share two common reactions, A-»B->C; 
H and J also share the reactions C-»F-»G. Feedback inhibition of the 
reaction A -* B by any one of the amino acids could prevent the synthesis of 
the other two and inhibit growth. Such inhibitions do occur in some pathways. 
For example, in certain strains of E. coli, addition of valine to the medium 
inhibits growth because valine and isoleucine share common steps in biosyn¬ 
thesis. The inhibition of a shared enzyme by valine prevents the synthesis of 
isoleucine. If both valine and isoleucine are supplied, no inhibition of growth 
occurs (De Felice et al., 1979). 

In Chap. 8 we discussed the inhibition of autotrophs such as 
Nitrosomonas by organic compounds, which was believed by Winogradsky to 
be an essential characteristic of these organisms. Subsequent studies have 
shown, however, that growth may be inhibited by certain amino acids but that 
addition of other amino acids may relieve the inhibition. The effect is similar 
to the inhibition of growth of E. coli by valine and relief of the inhibition by 
isoleucine. Therefore, it seems possible that growth-inhibiting organic com¬ 
pounds are not intrinsically toxic to autotrophs but rather they prevent the 
synthesis of other required growth factors through feedback inhibition of 
common reactions. 

In many branched pathways in various species of bacteria, several alter¬ 
native methods of preventing such inhibitions of growth have been found. In 
some cases, all of the end products are required for complete inhibition of the 
initial shared enzymes. In other cases, there are different enzymes for the 
same reaction, each subject to inhibition by one of the end products. Many 
modifications of these schemes exist, and the possession of similar methods 
of regulating enzyme activity (or enzyme synthesis) for the same pathway is 
considered a valid indication of evolutionary relationships among different 
genera of bacteria. 

The enzymes that degrade the carbon and energy source, forming building 
blocks and ATP, must also function in relation to the needs of the cell. 
However, the regulation of the activities of catabolic pathways in bacteria is 
not well understood. A major factor related to the rates of catabolism and 
respiration is possibly the “energy charge,” which is defined by Atkinson 
(1977) as: 

r . (ATP) + 0.5(ADP) 

Energy charge (ATp) + (ADP) + (AMP) 
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where (ATP) indicates the intracellular concentration of ATP. According to 
the hypothesis of overall control by energy charge, normal growth and 
metabolism can occur only when the energy charge is maintained within a 
very narrow range—0.8 to 0.95—and the normal range is 0.87 to 0.95. The 
concentrations of adenine nucleotides are much less important than is the 
ratio, expressed as the energy charge (Chapman and Atkinson, 1977). A 
discussion of the data and arguments for and against this proposal is beyond 
the scope of this text. The book by Atkinson (1977) should be consulted by 
interested readers. An excellent review of the complex problems involved in 
determining the mechanisms of regulation in bacteria is that by Harrison 
(1976). 

The third area of control of enzyme activities—that involved in the choice 
of substrates—has been least studied in bacteria. We shall have more to say 
of this later, since the first recognition of this regulatory mechanism resulted 
from work by the authors using heterogeneous populations (Gaudy, Komolrit, 
and Bhatla, 1963). Subsequent studies with various pure cultures of bacteria 
confirmed the report that the utilization of a substrate can be inhibited by the 
addition of a preferred (more rapidly metabolized) substrate (catabolite in¬ 
hibition ). The mechanism of the inhibition has not been investigated, and it is 
not known whether inhibition of the utilization of a substrate, for which all of 
the required enzymes are present, results from the inhibition of its uptake into 
the cell or the inhibition of one of the enzymes specific for its degradation. 
The name proposed for this control system, catabolite inhibition, implies that 
a catabolite formed from the preferred substrate is responsible for the 
inhibition, but no evidence is available to show that this is the case. Paigen 
and Williams (1970) have reviewed this and other mechanisms of control of 
the metabolism of carbon and energy sources in bacteria. 


ENVIRONMENTAL SIGNIFICANCE OF METABOLIC CONTROL 
MECHANISMS 

From the foregoing discussion it is apparent that the genetic apparatus of the 
cell determines its ability to exist in and to cope with a particular environment 
without depending on other organisms to supply some of its nutritional 
requirements for growth. If the cell possesses the required genes, the control 
mechanisms then determine when and how this genotypic character will be 
phenotypically expressed. The phenotypic expression of a genotypic capabil¬ 
ity is controlled largely by the external environment. Thus, one can expect to 
observe various effects of the metabolic control mechanisms in the aqueous 
environment and in biological processes important to environmental tech¬ 
nologists. 

In applying knowledge of phenomena that occur at the molecular level to 
natural or engineered environments, one must transfer the information from 
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defined molecular reaction sequences to the biological reactor in which the 
molecules act, i.e., the whole cell, in order to assess the possible effects of 
metabolic controls on the overall behavior of the cells. However, these whole 
cells do not exist as pure cultures in nature; the “natural” microbial popu¬ 
lation is to varying degrees heterogeneous with respect to the kinds of 
microorganisms present. If the molecular level controls are to govern or to 
have a significant effect on the behavior of the heterogeneous population as a 
whole, they must have broad applicability; that is, they must be present in 
many different microbial species. We have previously discussed the important 
relationship between the fundamental nature of a phenomenon and its 
expression in heterogeneous populations. One can appreciate the potential 
usefulness and/or the effects of metabolic control mechanisms in the biologi¬ 
cal treatment of organic wastewaters in either natural or engineered reactors. 
It is well known that the types of organic compounds in wastewaters can 
change from time to time. What effect could this have on the orderly 
metabolism of the cells and on substrate removal and growth in a natural 
population? A general opinion formerly held by many pollution control 
scientists was that various wastewaters containing a variety of organic com¬ 
pounds tended to select various species capable of metabolizing them, and the 
carbon sources that caused the biochemical oxygen demand to be exerted 
were removed concurrently. They were thought to be removed more or less 
independently of one another, and the overall kinetic course of substrate 
utilization and growth would then represent a summation or average of the 
concurrent utilization of the many substrates by the many species present. 
This description of the course of metabolism is still very useful, although, as 
we will see, it is not entirely correct. Indeed, we have previously used either 
COD or ACOD (or BOD) as a measure of the substrate and the heterogeneous 
biomass as the growing cells. However, the realization of the existence of the 
coarse and fine control mechanisms evoked by the presence of specific 
substrates demonstrates the approximate nature of the approach. 

If one had acclimated a natural seed to a rather defined waste, e.g., a 
sugar refinery waste that consists largely of sucrose, and if, after a prolonged 
period of feeding this particular carbon source, the waste feed were changed 
to a packing house effluent that contains large amounts of proteins, there 
would be a severe environmental change, which would in all probability cause 
a significant change in the predominating species comprising the biomass. 
This change would have involved what is aptly termed an adaptive response, 
in which organisms that could not acclimate biochemically because they did 
not possess the requisite genes would not be fit for survival, although they 
might exist communally or as satellite species with those cells that come into 
dominance. We must now combine this possible intercellular adaptive res¬ 
ponse with the intracellular inductive response of the fit organisms and both 
the coarse (genetic) and fine (functional) controls, because these determine 
what the organisms that do possess the required genes will do in a given 
environment with regard to available carbon sources. These coarse and fine 
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controls can be expected to manifest themselves more rapidly than the 
adaptive response of the overall population. 

What are the observable manifestations of the operation of coarse and 
fine metabolic controls? Are they important enough so that they help to 
explain abnormalities in the rather simplistic mathematical view of substrate 
removal and growth previously discussed? Using the substrate example just 
cited, if instead of switching the feed from sugar refinery waste to meat¬ 
packing plant waste, a combination of these wastes were fed, would ac¬ 
climation to the meat-packing waste proceed as before or would it be retarded 
or hastened? Would any such effects be manifested in a change in wastewater 
treatment efficiency if the system were a biological treatment facility? If both 
wastes comprised the substrates in a BOD bottle, would there be an effect on 
the kinetics of BOD exertion? Would there be an effect on the DO in a 
receiving stream? These are among the questions we have asked and for 
which we have sought answers over the years because they relate to the 
control of pollution in the environment and to the methodology for assessing 
pollution strength. Answers to such questions also contribute to the store of 
fundamental information that is needed to develop practical concepts for the 
practice of a young profession, i.e., environmental engineering science. The 
brief anecdote that follows will introduce some of the material below and 
perhaps encourage some who are just beginning investigative careers. 

By the mid-1950s one of us (A.F.G.), armed with an M.S. in sanitary 
engineering from the excellent MIT graduate program, had embarked on a 
practical investigative career in the treatment of wastewaters, particularly 
industrial wastes. In the course of this work, an interest was developed in the 
possible effects of changes in the nature, i.e., the chemical structure, of the 
compounds comprising the BOD of wastes, and when a family decision was 
made to go back to school and study toward a Ph.D., he decided to make the 
thesis research pertain to this type of “shock load.” Also, he realized that a 
greater knowledge of chemistry, particularly biochemistry, and biology, par¬ 
ticularly microbiology, would be needed to pursue a fruitful investigative 
career in this area. 

The author found himself immersed and at times befuddled in a bewilder¬ 
ing array of courses required for minors in these areas at the University of 
Illinois. It was natural to join the enthusiastic crowd of graduate students and 
professors who usually crammed the seminar sessions of the School of 
Biological Sciences, which had, under the leadership of the scientist-engineer 
H. O. Halvorson, become an outstanding assemblage of teacher-researchers 
that attracted equally outstanding seminar speakers. By the mid-1950s, J. 
Monod had been studying control mechanisms for some 15 years—a study, 
incidentally, that was initiated by the observations of diauxic growth pre¬ 
viously mentioned—and his seminar drew a particularly large and enthusiastic 
crowd. During the course of his address, Monod said that he had received 
some criticism for doing most of his research work on control mechanisms 
with the single organism E. coli. He allowed that he was indeed making some 
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rather fundamental conclusions based on findings from a single species of 
organism. He stated rather humorously that some of his fellow scientists 
accused him of thinking that if metabolic controls occurred in a certain way in 
E. coli, then they must also occur in the same way in elephants. However, he 
declared with serious humor that his research had led him to think that such 
an extrapolation was fair. The reader can imagine the effect such a conclusion 
might have on a doctoral candidate in sanitary engineering. If a great micro¬ 
biologist could extrapolate from E. coli to elephants, it was not difficult for a 
graduate student in engineering to extrapolate from E. coli to activated 
sludge. At the very least it was worth some experimental effort. 

At the time it was rather late in the development of his thesis research to 
initiate such a line of investigation, but experiments to gain insight into the 
manifestations of control mechanisms in heterogeneous populations were 
placed high on the agenda for future investigations. It will be seen shortly that 
this particular line of investigation, initiated in response to Monod’s seminar 
remarks, paid dividends in knowledge regarding metabolic control 
mechanisms and their environmental effects. In a broader way, the in¬ 
formation imparted by Monod was of particular interest because the thesis 
was concerned with the response of a heterogeneous biomass to organic 
substrates to which the biomass had not been previously acclimated, a change 
for which we coined the name qualitative shock loading. It was somewhat 
disconcerting to realize that the very presence of a particular substrate in a 
waste stream might prevent an organism from acclimating to another sub¬ 
strate until the first had been metabolized. The subject of the response of a 
biological treatment process to an environmental shock is a broad and 
important one, to which Chap. 13 is devoted. However, because the response 
to qualitative shock loads is so associated with metabolic control mechanisms, 
it is treated in this chapter. 

Qualitative Shock Loadings 

Many wastewaters, e.g., municipal sewage, consist of a mix of many sub¬ 
strates in small concentrations; others, such as some industrial wastes, 
contain only a few. Some industrial wastes are rather constant in substrate 
composition, whereas others change frequently. Wastewater composition 
depends on the nature of the industry, the raw materials and processes used, 
and the product variation. Some industrial effluents are sent by sewer to 
public collection systems and channeled to the municipal treatment plant, 
with or without treatment prior to being introduced into the sewer. Biological 
treatment processes thus may be subjected to a narrow or wide range of 
substrates with frequent changes in the mix of compounds causing the BOD 
loading. The concentration of carbon source may also vary (quantitative 
shock loading), but changes in the qualitative analysis of the inflowing waste, 
regardless of any overall changes in the concentration of organic substrate, 
are called qualitative shock loads (see Gaudy and Engelbrecht, 1961). One 
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very important applied aspect, therefore, is the possibility that acclimation to 
one compound may confer acclimation to another compound. For example, 
exposure to melibiose permits acclimation to lactose in E. coli. Other im¬ 
portant aspects are the rates of acclimation and loss of acclimation to 
particular substrates. 

From Chap. 10 it can be appreciated that the most critical steps in 
substrate utilization involve reactions that prepare the original compounds for 
entry to the common pathways that yield both ATP and carbon skeletons for 
making cellular components during growth. Such preparatory reactions also 
include those responsible for transporting the substrate into the cell. Also, for 
certain substrates, e.g., large molecules, important initial reactions take place 
outside the cell. Thus, with regard to acclimation and competitive use of 
carbon sources, these early reactions are the most important. 

Rate of acclimation If one acclimates a population taken from sewage to a 
medium in which the carbon source consists of a simple carbohydrate such as 
glucose and then subjects the population to a different substrate, one may 
observe a variety of responses. 

Figure 12-14 shows the growth response of such a heterogeneous popu¬ 
lation to various carbohydrates. No acclimation or adaptation was necessary 
for growth, as measured by oxygen uptake, on the monosaccharides fructose, 
mannose, and galactose or the disaccharides maltose and sucrose. After entry 
to the cell and a few initial reactions, the pathways for the metabolism of 
these compounds are similar in a wide variety of microorganisms. There are 
several possible reasons why cells grown on glucose were able to grow on 
other compounds without a lag period. The needed enzymes may have been 
constitutive, they may have been induced very rapidly, or the enzymes made 
for rapid growth on glucose may have possessed a multispecificity enabling 
them to act nearly equally well on related substrates. 

The lag was rather small for sorbitol but was much longer for ribose, 
lactose, melibiose, and the polysaccharides glycogen, dextrin, and starch. One 
cannot correlate the complexity of structure or the size of the molecule with 
the speed of acclimation. For example, the cells appeared to acclimate slightly 
more rapidly to glycogen and starch than to ribose. Such experiments do not 
really allow us to predict the behavior of a biological treatment plant, but they 
can shed light on the types of compounds that might be readily accom¬ 
modated and those that might not be so readily accommodated by the 
microbial population in a waste treatment process. 

Loss of acclimation Once acclimation is achieved by heterogeneous popu¬ 
lations, how rapidly is it lost if the substrate is no longer present in the 
system? Some enzymes are known to be degraded in the absence of their 
inducers, and some (probably the majority) are simply diluted out of the 
population due to the fact that the enzyme is no longer synthesized in the 
daughter cells. Insofar as the performance of a biological treatment plant is 
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Figure 12-14 Accumulated oxygen uptake during growth on a variety of carbon and energy sources. 
The biomass was previously acclimated to glucose and was taken from a continuous growth reactor 
just prior to these batch experiments in which the reactors were Warburg flasks. (Adapted from 
Gaudy and Engelbrecht, 1961.) 


concerned, the latter occurrence would be more advantageous than the first 
because the ability of the system to respond again to a substrate would be lost 
in proportion to the ratio of the new growth to the old in the population at any 
time, and the recycling of cells would tend to retain the adapted cells in the 
population. That is, the greater the cell age or sludge retention time in the 
system, the longer the cells could retain some initial ability to metabolize the 
compound if it were reintroduced into the inflowing feed stock. 
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Figure 12-15 Loss of acclimation to 
lactose as measured by decreasing 
ability to respire lactose under non¬ 
proliferating conditions. Cells were 
grown on lactose, and the feed sub¬ 
strate was changed to glucose. The 
ability of the cells to utilize lactose 
was measured daily. The dashed line 
shows the loss of activity predicted on 
the basis of dilution of the enzyme by 
growth of the biomass, assuming no 
degradation of the enzyme. See text 
for details of the experiment. (From 
Gaudy. 1962.) 


An example of the retention of such metabolic ability is shown in Fig. 
12-15. Cells were grown on daily feedings of lactose. Each day one-third of 
the mixed liquor was discarded, and after a period of time the daily amount of 
growth became the same as on the previous day; thus, the batch system 
became reasonably balanced. After a fairly long period of such daily feedings, 
the carbon source was switched from lactose to glucose. Each day thereafter 
a portion of the daily discarded biomass was subjected to lactose under 
“resting conditions” (no nitrogen added) to measure its ability to respire 
lactose. Each day approximately one-third of its respiratory ability (see dotted 
line) toward lactose was lost, until at the end of 6 days it had returned to the 
basal level of response of a glucose-acclimated population that was carried 
along as a control system. Thus, in this experiment there was evidence that 
the enzyme system required for the metabolism of lactose was not actively 
degraded in the absence of the substrate. Had the system been aerated 
endogenously, rather than receiving glucose daily, the ability to respire 
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lactose may have been lost more quickly, due possibly to a combination of 
cell death and enzyme degradation. Although experiments could have been 
designed to look into this matter and to differentiate between dieoff effects 
and enzyme degradation or dilution, they were not run. There would appear to 
be a need for performing experiments along these lines. Systematic studies of 
this type on a wide variety of carbon sources could add much to the store of 
information on the metabolic responses of heterogeneous populations, which 
will be needed as the science moves closer to recognizing the need for fine 
control of biological treatment processes. 

There are few experimental problems in running such experiments, but 
there are some attitudinal ones that prevent their being accomplished. For 
example, most environmental engineers and scientists interested in design 
and/or operation shrink away from the necessary extrapolation from bench- 
scale findings to prototype plant performance. In general, it is not so much 
knowledge that could lead to the successful design and control of treatment 
plants that is desired, but procedures that would be successful in practice 
whether or not the underlying reasons for them are known. Thus, the real 
needs of the profession are often overlooked or confused with the desires of 
the practicing professionals who use the information provided by the re¬ 
searchers. The result is that there has been no overwhelming mandate for 
researchers to provide much fundamental information, which ultimately could 
do much to improve the practice of the profession. On the other side of the 
coin, researchers often neglect the more methodical, systematic studies for 
those that have an air of “breakthrough” about them. Such was the case with 
respect to our own discontinuance of this particular line of investigation; that 
is, after listening to Monod’s views on diauxic growth and his comparison 
between E. coli and elephants, it was much more exciting to investigate the 
possibility of extrapolating his findings to activated sludge than to pursue the 
seemingly more mundane task of determining whether acclimation to parti¬ 
cular compounds would bestow ability to grow on various other compounds 
with little or no acclimation. Also, it was apparent that if the metabolic 
control mechanisms of induction and repression were indeed manifested in 
heterogeneous populations, growth even on compounds to which the biomass 
had been acclimated could be delayed because of the presence of other 
substrates in multicomponent media. Thus, although the systematic study 
mentioned above was indeed much needed, it seemed more immediately 
important (and more exciting) to investigate the possible occurrence of 
diauxic growth in heterogeneous populations and the effect of such 
phenomena on biological treatment. 

Diauxic growth and substrate removal To our knowledge, the first experiment 
to determine whether diauxic growth on exogenous carbon sources could or 
would occur in heterogeneous microbial populations was the one shown in 
Fig. 12-16. A small inoculum of cells originally obtained from municipal 
sewage and grown on sorbitol through several transfers to assure acclimation 
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Figure 12-16 Diauxic growth and sequential utilization of glucose and sorbitol by a heterogeneous 
population. Initially 300 mg/L of each compound was present and the biomass had been acclimated to 
sorbitol. (From Gaudy , 1962.) 


exhibited diauxic growth when placed in a growth medium containing glucose 
and sorbitol. Analysis of the filtrate indicated that growth on sorbitol was not 
initiated until the glucose had been removed. 

A rather extensive investigation was begun in our laboratories in the early 
1960s to gain insight into the mode and mechanism of occurrence of such 
manifestations of metabolic control mechanisms in heterogeneous populations 
as well as in pure cultures. Portions of this program continue today. It is 
beyond the scope of this text to recount the voluminous results—published 
and unpublished—pertaining to control mechanisms, but the brief accounting 
below will summarize those aspects most pertinent to the control of response 
of heterogeneous biomasses to some multisubstrate environments. Some of 
the information has been published (see the references at the end of the 
chapter), but much has not yet been presented in journals. 

It was found that various substrate mixes in heterogeneous populations 
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yielded results that were somewhat parallel to those observed by Monod for 
the pure cultures he studied. Many experiments were conducted with two 
substrates in the growth system. In certain mixes there was concurrent 
removal of both substrates, whereas in others there was sequential substrate 
removal (comparable to that of Monod’s A and B compounds). The blockage 
of metabolism of one compound by the presence of another was not always 
so complete as to lead to sequential removal; certain combinations led to only 
partial blockage. Also, there were variations in the degree of blockage caused 
by various experimental (i.e., environmental) conditions. One of the definite 
conclusions that can be drawn is that the effect is demonstrable for many 
compounds and many different types and sources of mixed or heterogeneous 
populations. In addition to work in our own laboratories, researchers in other 
laboratories were able to verify our results using entirely different sources of 
populations and various substrates (Prakasam and Dondero, 1964; Stumm- 
Zollinger, 1966). More recently, Chian and DeWalle (1975) have presented 
evidence for the sequential removal of waste components during biological 
treatment of a complex wastewater—the leachate from a sanitary landfill. 

Diauxic effects are not restricted to systems that contain relatively high 
concentrations of substrate. The BOD test represents an environment that 
contains a very low substrate concentration. In Fig. 12-17, a pause or plateau 
in BOD exertion (oxygen uptake) is clearly discernible, and the diphasic 
oxygen uptake curve corresponds to the sequential utilization of glucose and 
sorbitol. The ability of the cells to acclimate to and utilize sorbitol was 
delayed until the glucose had been eliminated from the medium. It should be 
remembered that the initial cell concentration is generally extremely small in 
the BOD test bottle, so the ratio S 0 /X 0 is rather high and the BOD exertion 
curve is due to growth of the cells and synthesis of the required enzymes. 
Thus, the expected mechanistic occurrence was one of repression, i.e., 
blockage of enzyme synthesis. 
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Figure 12-17 Accumulated oxygen 
uptake (exertion of BOD) and sub¬ 
strate removal in a BOD bottle. 
Glucose-acclimated seed was ori¬ 
ginally obtained from municipal 
sewage. (From Bhatla and Gaudy, 
1965.) 
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Experiments such as those shown in Fig. 12-17 are somewhat difficult to 
conduct because of the low concentration of reactants; thus most of the batch 
studies to examine this phenomenon have been conducted using several 
hundred milligrams per liter of carbon sources. In one series of studies, it was 
noted that if the biomass used for the experiment was obtained from a system 
growing in batch over a prolonged period of time in which the serially 
transplanted cell concentration X a was high (two-thirds of the previous day’s 
growth), there was a tendency in some experiments for A and B substrates to 
be removed concurrently. The A compound could increase the time required 
for removal of the B compound but could not block its removal completely. 
Due to the retention of the large amount of the biomass from the previous 
day’s growth, such a heterogeneous population would be expected to be 
composed of somewhat “old” cells, whereas a biomass developed fresh 
each day from a small inoculum of the previous day’s cells should be com¬ 
posed of “young” cells. The tendency to exhibit diauxic growth seemed 
greater for young seed populations; however, rather extensive studies on 
cell aging in batch systems using both heterogeneous populations and pure 
cultures indicated that enzyme synthesis could be repressed regardless of 
the “age” of the seed culture (J. A. Heidman and A. F. Gaudy, unpublished 
data). 

This finding was significant because rather aged biomass is used in most 
biological treatment processes, and it was not possible to discount the effects 
of metabolic control mechanisms due simply to the growth history of the 
biomass. However, it does appear that when aging or some other environ¬ 
mental condition leads to a population that exhibits a slower rate of metabol¬ 
ism of the A compound, one can expect a diminution of its ability to retard 
the metabolism of B compounds. Lowering of the specific rate of metabolism 
of an A compound is not necessarily a result of an aging process. The overall 
growth rate or rate of metabolism may be purposely maintained low in a 
continuous culture device, i.e., a chemostat or an activated sludge system. 
The governing factor appears to be the relative growth rate during the time of 
exposure to the multicomponent substrate system rather than the growth 
history prior to exposure. Early work by Magasanik (1961) established that 
repression of enzyme synthesis by an A compound was related to its greater 
rate of metabolism compared with that of the B compound. Today this might 
be analyzed in light of the need for c-AMP for the induction process and its 
relative scarcity during rapid growth and abundance under slow growth 
conditions. Insofar as catabolite inhibition of enzyme function is concerned 
(the fine control), rapid growth on a compound often leads to the ac¬ 
cumulation of metabolic intermediates in the medium, whereas with a slower 
rate of metabolism this is usually not the case. Thus, if an inhibitor of a 
presynthesized enzyme system for metabolism of a B compound is produced 
by an A compound, faster growth will often produce more of it. Studies of 
heterogeneous populations generally support the conclusion that the tendency 
of an A compound to hamper removal of a B compound at either the coarse 
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or fine level of control is increased if the biomass can metabolize the A 
compound faster than the B compound. Blockage of removal of a B com¬ 
pound is sometimes accompanied by the accumulation of intermediate 
metabolic products in the medium during growth on the A compound (T. Yu and 
A. F. Gaudy, unpublished data). The effect of the growth rate on response to 
changes in substrates and changes in other environmental conditions (shock 
loadings) is an important subject, which will be dealt with in more detail in 
Chap. 13. 

First it is interesting to examine a response that led to the conclusion that 
there was a fine control in catabolic pathways in addition to the repression of 
enzyme synthesis. In some batch experiments performed using cells that were 
preacclimated to a B compound, the initial cell concentration X 0 was rather 
high. Thus, blockage of metabolism of the B compound in the presence of an 
A compound could not be wholly attributed to repression or diminution of 
enzyme synthesis, because the high amount of presynthesized enzyme 
present would have been expected to permit some removal of B in the 
presence of A (Gaudy, Komolrit, and Bhatla, 1963). While this led us to 
postulate an inhibitory effect on enzyme function, a stronger demonstration of 
the fine control mechanism at the level of enzyme function was the finding 
that even when using very large inocula of preacclimated cells under con¬ 
ditions not permitting growth, i.e., withholding nitrogen and thus preventing a 
net increase in protein synthesis, an A compound retained the ability to 
hamper removal of a B compound (Gaudy, Gaudy, and Komolrit, 1963). 
These findings provided a definite indication of fine control of the function of 
an existing enzyme system. The rapidity with which such a mechanism can 
affect the course of substrate removal is demonstrated in Fig. 12-18. In these 
examples, the A compound, glucose, was injected into the reactor after 
metabolism of the B compound was well under way, and the abrupt change in 
substrate utilization patterns for the original substrates as well as the change 
in the kinetic course of total COD removal were apparent. 

Thus, there were three types of experimental results indicating that there 
was a control mechanism that functioned in catabolic pathways at the level of 
enzyme function. Subsequent work in pure cultures in our laboratories and 
others has confirmed the existence of this control mechanism. Even though 
we do not know exactly how this control is exerted, there is ample evidence 
that it exists and that it is manifested in observable kinetic behavior of 
heterogeneous populations. 

Since the specific growth rate for the system seems to be closely related 
to the manifestation of either control mechanism, i.e., catabolite repression or 
catabolite inhibition, one may exert some influence on the actions of the 
control mechanisms by finding ways and means of purposely slowing the rate 
of metabolism by controlling the overall growth rate. The most immediately 
apparent way of doing this in continuous culture is through the use of the 
hydraulic control described in Chap. 6 and embodied in the chemostat 
operation and in some activated sludge process models. 
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Figure 12-18 Blockage of removal of mannitol (left) and sorbitol (right) by glucose, which was injected as a slug dose into the 
medium during growth on the sugar alcohols. (From Gaudy, Komolrit, and Gaudy, 1964.) 
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Effect in continuous flow reactors In a once-through continuous flow growth 
reactor, the specific growth rate /a is equal to the dilution rate D, and the 
nutrient that limits the growth rate is usually carbon, although it could be 
some other nutrient, e.g., nitrogen or magnesium. To our knowledge, the first 
experiments conducted in continuous growth reactors to assess the possible 
effects of metabolic control mechanisms on the metabolism of heterogeneous 
populations subjected to changing concentrations of multicomponent carbon 
sources were those reported by Komolrit and Gaudy (1966a). These experi¬ 
ments (e.g., see Fig. 12-19) as well as many others clearly indicate that the 
effects observed in batch growth are also observable in completely mixed 
continuous flow reactors. In general it has been found that when carbon is the 
growth-limiting nutrient, the higher the dilution rate (D = /x), the more severe 
is the metabolic blockage or leakage of either B compound or total COD (feed 
substrate plus metabolic intermediates) when the A compound is shock- 
loaded to a system already being fed with the B compound. However, when 
some nutrient other than carbon, for example, nitrogen or magnesium, is the 
growth-limiting nutrient, slower growth rates or dilution rates yield greater 
amounts of substrate leakage (Grady and Gaudy, 1969b). When carbon is not 
the growth-limiting nutrient, a system may be able to remove the carbon 
source at a particular steady state growth rate even if it is present in excess of 
that needed for balanced growth in accordance with the limiting constituent. 
For example, it may produce internal storage products or extracellular cap¬ 
sular material. However, when an A compound is introduced into the inflow, 
it can displace part or all of a B compound. 

Some effects attributable to (or correctable with) the specific growth rate 
of the biomass at the time of administering a qualitative shock loading are 
shown in Fig. 12-20. Both systems were operating with positive control of the 
recycle sludge concentration [see Fig. 6-35 and Eqs. (6-75), (6-80), and (6-81)]. 
The only difference in operational conditions was that in one case the recycle 
sludge concentration X R was 5000 mg/L, and in the one exhibiting the lesser 
amount of substrate leakage X R was 10,000 mg/L, yielding approximate /x n 
values of 0.6 h _1 and 0.3 h _1 , respectively. Thus, the slower growing system gave 
the more favorable response. The low values of /x were attainable without a 
lengthy hydraulic residence time t, because of the effect of a and X R as well as t 
on /x (compare with /x = 0.25 h _1 for the once-through system of Fig. 12-19). This 
substrate system was not a multicomponent one since for this particular 
qualitative shock load experiment the carbon source was switched from glucose 
to sorbitol at time 0. A glucose-acclimated biomass might be expected to need 
only a small acclimation period to sorbitol (see Fig. 12-14). It is clear, however, 
that the biological response to this shock produced a multicomponent exogenous 
carbon source as judged by the large difference in total soluble COD and COD 
accounted for as sorbitol. 

A further demonstration of effects related to growth rate on substrate 
leakage during shock is shown in Fig. 12-21. In this case, a once-through 
system that had been growing in the steady state at p, = D = 1/6 h“' was 
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Figure 12-19 Shock load response of heterogeneous microbial populations growing under steady state conditions at D= 1/4 h" 1 prior to a change in 
inflowing substrate. (Left) At Oh, the feed composition was changed from 500mg/L of glycerol to 500mg/L of glycerol plus 1500mg/L of glucose. The 
dashed line, applied glucose COD, represents the glucose COD that would have been present if it were not metabolized. Applied glycerol COD is the 
concentration of glycerol COD that would have been present if the metabolism of glycerol had stopped at the time of administering the shock. (Right) 
At Oh, the feed composition was changed from 1000mg/L of sorbitol to 2000mg/L of sorbitol, and 1000mg/L glucose was injected directly into the 
reactor as a slug dose. The dashed lines labeled applied glucose and applied sorbitol represent the concentrations of the two compounds that would 
have been present if they had not been metabolized. (From Komolrit and Gaudy, 1966a.) 
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Figure 12-20 Effect of recycle sludge concentration X R on the leakage of soluble organic material in 
a reactor effluent after changing the steady state influent feed from 1500 mg/L of glucose to 3000 mg/L 
of sorbitol. 

Triangles: X R = 5000 mg/L; /x prior to shock = 0.055 h" 1 
▲ total soluble effluent COD 
A effluent sorbitol COD 

Circles: X R = 10,000 mg/L; /u. prior to shock = 0.0275 h _l 
• total soluble effluent COD 
O effluent sorbitol COD 
(From Manickam and Gaudy, 1978.) 


shocked at f = 0 by an increase in F so that /u. = D = l/3h This is an 
example of simple hydraulic shock—a step change in F with no change in the 
concentration or types of carbon sources (see Chap. 13). It is quite apparent 
(see the bottom graph) that the biomass exercised selectivity in substrate 
utilization during the transient phase; glucose, glycerol, and galactose were 
used in order of preference. The rather severe dilute-out of biomass during 
the first half-day after administering the step change gives an indication of the 
stress imposed on the biomass by the hydraulically imposed requirement to 
double its specific growth rate. 

The results shown in Fig. 12-21 prompt a question. Suppose the growth 
rate were held purposely high under nonshock, i.e., steady state, conditions; 
would there be steady leakage of the less preferred compounds at higher 
specific growth rates? Figure 12-22 demonstrates that it is not necessary to 
have shock loading conditions to show the effect of growth rate on substrate 
leakage in multisubstrate media. The bottom portion shows the effluent 
analyses and biomass concentration during growth in a once-through che- 
mostat at various dilution rates under steady state conditions. The familiar 
tail-off in the dilute-out patterns for X and S e (total COD) as D is increased, 
which was seen in Fig. 6-27, is again observed in these experiments. At low 
growth rates, all three compounds in the mixed substrate were removed. The 
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Time, h 


Figure 12-21 Response of a heterogeneous biomass of sewage origin growing in a once-through 
reactor when the dilution rate was changed from g to 3 h _l (hydraulic shock) at time 0. The inflowing 
feed contained 300 mg/L each of glucose, glycerol, and galactose. (Data from P. Kiravanich and A. F. 
Gaudy , Jr., unpublished.) 

summed feed concentration due to all of the compounds was 1860 mg/L COD 
(500 mg/L of each compound) and the COD,, was somewhat less than 
200 mg/L, i.e., approximately 90 percent of the soluble COD was removed. At 
increasing growth rates there is ample evidence that propionic acid and 
sorbitol were displaced as substrates by glucose. Up to a dilution rate of 
0.5 h _1 , the total amount of COD due to metabolic intermediates (COD not 
accountable for as the substrate in the effluent) increased (see upper part of 
figure). However, at the most rapid growth rate examined, all but 130 mg/L of 
effluent COD was accounted for as the summation of glucose, sorbitol, and 
propionic acid. The accumulation of metabolic intermediates due to rapid 
growth on certain compounds has been noted many times. In a number of 
cases, organic acids have been found to account for a significant proportion of 
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Figure 12-22 Steady state performance with respect to biomass and substrate concentrations for a 
heterogeneous population of sewage origin growing in a continuous flow reactor at various dilution 
rates in a multicomponent medium. The bottom portion shows the dilute-out patterns and indicates 
clearly that as the specific growth rate increased, the carbon sources were used in order of 
preference, glucose then sorbitol then propionic acid. The top portion shows results of analyses to 
determine the nature of the effluent COD not accounted for by summing the concentrations of the 
original substrates in the feed. Total carbohydrate concentration was measured by the anthrone test. 
Propionic and acetic acid concentrations were determined by gas chromatography. (Data from J. J. 
Su and A. F. Gaudy, unpublished.) 

the metabolic intermediates, and these were used sequentially after depletion 
of the original feed compound. Thus, it is not surprising that both glucose and 
sorbitol were used preferentially to propionic acid as /u, increased. The 
metabolically produced compounds in the effluent were compounds composed 
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in part of carbohydrates (anthrone-reactive materials) and pyruvic and acetic 
acids. However, these never accounted for more than half of the “total 
intermediate COD.” 

In general, although not all the mechanistic details of the metabolic 
control mechanisms for both the synthesis of inducible enzyme systems and 
the control of their function after they are synthesized are known, there is 
ample evidence that they exist and, more importantly, they are manifested in 
the kinetic behavior of heterogeneous populations. Thus, knowledge of these 
effects helps us to understand environmental observations and aids in the 
diagnosis of problems. This knowledge also affects some of the generalized 
kinetic concepts that not only consider the biomass as a composite species 
but also consider the substrate as a composite carbon source (BOD or 
ACOD). In analyzing observed data in streams, BOD bottles, and waste 
treatment plants, one must be aware that the existence of these metabolic 
controls in a wide variety of microorganisms makes it very likely that the 
observed kinetics of purification, in part or whole at one time or another, is 
affected by their existence. In regard to biological wastewater treatment, 
which is of major concern, one may conclude with some degree of confidence 
that slow growth rate (/a or /a„) or greater sludge age © c , whether under 
transient, i.e., shock load, conditions or steady state growth conditions, 
generally provides for less leakage of the B type (less readily metabolized) 
compounds. Slow growth rate appears to provide significant protection 
against leakage of the soluble carbon source during a variety of sudden 
environmental changes, i.e., shock loadings, as we shall see in the next 
chapter. 


PROBLEMS 

12-1 Define replication, transcription, and translation, and list the types of macromolecules 
involved in each process. 

12-2 Describe all the processes in which specific base pairing is involved. 

12-3 What is the function of each of the following in the control of protein synthesis? 

(a) Regulator gene 

( b ) Repressor 

(c) Promoter 

(d) Operator 

(e) (7 Factor 
(/) Cyclic AMP 

12-4 Describe the control mechanism(s) that could function in each of the following situations. 

(a) An activated sludge treating a sugar refinery waste, which is essentially a minimal 
medium with sugar as sole carbon and energy source, begins receiving waste from a slaughter¬ 
house. 

(b) An activated sludge treating a paper mill waste, which contains a variety of sugars, 
receives daily slug doses of a chemical waste containing glucose. 

12-5 Why is it advantageous to a bacterial cell to synthesize the repressor for a biosynthetic 
pathway in an inactive form while the repressor for a catabolic pathway is active as synthesized? 
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12-6 What is meant by coarse and fine control mechanisms of metabolism? 

12-7 Describe the effects that the fine controls can have on the performance of a biological 
treatment plant; on the BOD test. 

12-8 Describe the effects that the coarse control mechanism can have on the performance of a 
biological treatment plant; on the BOD test. 

12-9 What do the coarse and fine metabolic controls have to do with the biological response to 
qualitative shock loadings? 

12-10 Why does acclimation to a new substrate usually require the induction of only one or two 
enzymes? 

12-11 To grow on acetic acid, cells must be able to induce the two enzymes specific for the 
glyoxylate cycle (see Chap. 9). These enzymes are made in cells that possess the genetic capability 
to make them only when an inducer such as acetic acid is present. Suppose you were operating an 
aerobic growth reactor purifying a waste stream consisting of mainly acetic acid. The conditions 
of operation are as follows: F = 1 MGD, f = 6 h, a — 0.25, X R = 10,000 mg/L, S, = 500 mg/L of 
acetic acid COD, aw = 0.4, K s = 75, Y, =0.5, and k d = 0.06 day - '. The waste stream changes 
from acetic acid to sucrose with no change in concentration. This biomass grown on acetic acid 
needs no acclimation to sucrose. Also, you may assume that the biological constants are 
essentially the same for sludges grown on either substrate. After 72 h, the feed stream switches 
back to acetic acid. Estimate the fraction of the original concentration of acetate-metabolizing 
enzymes that would initially be available. 

12-12 In relation to the acetic acid waste problem, suppose the switch in carbon source was not 
complete; that is, the waste changed from acetic acid to equal portions of both (with no change in 
the overall concentration). Discuss the possible results. 
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CHAPTER 

THIRTEEN 


RESPONSE TO CHANGES IN THE 
ENVIRONMENT 


Much in the preceding chapters has been concerned with the effects of 
environmental conditions on microbial populations and the effects of 
microbes on their environment. Generally, whether in a treatment plant or a 
natural body of water, there is a period of adjustment to an environmental 
change. Acclimation of individual species as well as adaptation of the popu¬ 
lation (selection of species) occur. If there are no further significant changes, 
the population may attain a pseudo-steady state with respect to total biomass 
concentration and substrate concentration in solution. We saw in Chap. 6 that 
this is the case with activated sludge when we hold the environmental, or 
operational, conditions fairly constant. 

The aqueous environment is by no means static, however; it changes 
from time to time, sometimes gradually (seasonally) and sometimes rather 
abruptly. Abrupt changes can constitute an environmental shock, and one of 
the concerns of environmental technologists is the assessment of conditions 
between pseudo-steady states, i.e., in the transient stage. For example, 
what degree of disruption of substrate removal ensues after a sudden 
environmental change? Also of concern is the determination of the limits of 
change (magnitude, rapidity, and type) in various environmental conditions 
that can be accommodated by the biomass without severe disruption of the 
desirable pseudo-steady state in the system output. Such inquiries have much 
fundamental utility in understanding the progressive decay of organic matter 
in the environment and have obvious ramifications in the design and operation 
of water pollution control facilities. In biological treatment facilities, poten- 
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tially harmful environmental changes usually are called shock loadings. 
Various types of shocks are recognized readily and will be defined below. 

After defining the types of shock to which natural microbial populations, 
and particularly those in biological treatment facilities, may be subjected, 
each will be discussed primarily with regard to the responses of those 
populations to the shock. Two facts will become apparent as we proceed with 
this discussion. First, environmental shocks and microbial responses con¬ 
stitute a broad and complex field, which in many respects is one of the most 
important reasons for the study of environmental microbiology. Second, 
although much work has been accomplished in both the basic and applied 
fields, the state of our knowledge of this subject is characterized more by 
paucity than by abundance. Understanding that is immediately transferable to 
practical preventive and/or remedial technology is embryonic. However, it is 
both desirable and necessary to make the best possible use of the information 
now available, while stressing the need for more research in this area. Thus, 
although there are obvious pitfalls in doing so, we believe it is necessary to 
draw conclusions from the available data. These will be presented as general 
guidelines on the capacity of heterogeneous microbial populations to ac¬ 
commodate various shock loadings, expected magnitudes of disruption and 
recovery times, and, where possible, controllable factors that may affect the 
response. 


TYPES OF SHOCK LOADINGS 

In general, two essential characteristics of environmental changes contribute 
to their shock potential: (1) the nature of the change and its degree or 
magnitude and (2) the mode and rate of administration of the change. 

Nature of Environmental Changes 

A qualitative shock load is a change in the nature of the energy and carbon 
source(s) in the inflow to a process and was discussed in Chap. 12. 

A quantitative shock load also relates to the carbon and energy source 
but involves a change in the concentration S, rather than a change in the types 
of compounds. 

A hydraulic shock load involves a change in the inflow rate F to the 
reactor system. If the concentration S, remains constant, the mass rate of 
inflow of substrate to the system changes under hydraulic shock loading. On 
the other hand, the hydraulic shock can be applied and the mass rate of 
substrate fed to the system can remain constant if a complementary change in 
S, occurs simultaneously. 

The pH shock load is self-explanatory. Since it has been shown pre¬ 
viously (see Chap. 5) that pH has a considerable effect on metabolism and on 
selection of species, a sudden change in pH may engender a transient 
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disruption of the metabolic and ecological balance in the system that may 
cause a temporary or longer term loss of substrate removal efficiency. 

As with pH shock, the temperature shock load needs little definition. 
Temperature plays a major role in determining the rate of any chemical 
reaction sequence and in the selection of species most suitable to the 
environmental conditions. Temperature changes generally do not occur as 
abruptly as some of the other types of shocks. 

A toxic shock load is the introduction into the feed stream of microbial 
toxicants, organic or inorganic. In some cases toxicants can be tolerated, and 
sometimes they constitute a useful substrate after a period of acclimation and 
adaptation. Phenol is a classic example of a toxic carbon and energy source. 
When phenol is administered suddenly in sufficiently high concentrations, the 
system can undergo severe loss of population and curtailment of substrate 
removal ability until acclimation and/or adaptation occurs. A sudden change 
in even those inorganic components that usually are not considered toxic at 
normal concentrations, i.e., constituent chemicals in the medium or “carriage 
water,” can have serious effects on the performance of a bioreactor system. 
For example, a change in the salt concentration or in the nitrogen source can 
cause shifts in metabolic patterns in a system, and these may be reflected in 
leakage of soluble organic substrate during the shift or in a decrease in the 
flocculating tendency and settleability of the organisms comprising the 
biomass. 

Mode and Rate of Administration of Shock Loadings 

A shock load may occur as a step-up or step-down. This terminology 
describes a change from the previous steady state operation in which the 
parameter being changed, for example, S f or F, is either increased or 
decreased to some other value and is held at the new value. The system may 
undergo a transient disruption before attaining a new steady state. 

A slug dose is an abrupt pulse change in the chemical composition of the 
environment. It results from the injection of a dose of carbon source (qualita¬ 
tive or quantitative shock), acid or alkali, or a toxic compound. 

Cyclical changes occur when the system receives various environmental 
shocks in a series of changes of one or more types of the same or varying 
magnitude applied at regular and repeating intervals. For example, the daily 
fluctuations in F and S, at an industrial or municipal treatment plant can 
sometimes assume a cyclical character. 

Various sudden changes in environmental conditions may occur with no 
discernible cyclical characteristics, i.e., random changes. The biological res¬ 
ponse to one of the changes may have just been initiated when another shock 
is applied. 

The system under consideration may be subjected to dynamic, ever- 
shifting environmental conditions in which changes may occur with un¬ 
predictable or predictable magnitude and periodicity, i.e., continual changes. 
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QUANTITATIVE SHOCK LOADING 

In the field of water pollution control, perhaps the most common shock 
loading is a sudden increase in the concentration of the incoming carbon 
source S-,. In the past, little distinction was made between increased concen¬ 
trations of the same carbon sources and an increase in S, due to the addition 
of different carbon sources, because S, was measured as BOD or possibly as 
COD, i.e., a “collective” substrate. Recognition of different effects of the 
qualitative shock and the fact that quantitative and qualitative shocks often 
can occur in combination has caused some changes in conceptual viewpoints, 
but by and large an increase in S, still holds a central position in the thinking 
about shock loadings. 

In areas of more basic inquiry using pure cultures, the response of cells 
growing at a steady state prior to an increase in S, has received much study, 
most of which has been concerned with mechanistic and kinetic description of 
the transient concentrations of X and S e between former and new steady 
states after a step increase in S f . Mathematical treatments for predicting 
transient behavior abound and there are some valuable experimental data, but 
there are too little data and experiments have involved too few species to 
permit generalized application to heterogeneous microbial populations of 
kinetics based on the results of pure culture studies. Although it is not 
appropriate to review these mathematical treatments here, it is important that 
environmental scientists and engineers be aware of the work done with pure 
cultures. Readers are referred to articles suggested for further reading at the 
end of the chapter as a start into this growing body of literature. 

Within the boundaries of the generalized kinetic models previously con¬ 
sidered in this text, we may ask some general questions and examine some 
general concepts regarding the mechanistic and kinetic response of biological 
treatment systems to shock loadings. One of the very important questions that 
should be asked early is in regard to the definition of successful and unsuc¬ 
cessful responses. The most successful response to a quantitative shock 
loading (or to any other) is one in which S e continues at the same level as 
before the shock, assuming, of course, that the system was successful in the 
preshock condition. Some qualification of this definition is needed because it 
is often found that systems operating in a steady state at a higher S, produce 
somewhat higher S e values, whereas the theory of continuous culture does 
not provide for this occurrence (see Chap. 6 and 10). In any event, we can say 
that in a successful response, the overall substrate removal efficiency, [(S, — 
S«)/SJ100, does not generally decrease as S, is increased. Still successful, but 
less desirable from an environmental standpoint, are responses in which some 
tolerable substrate leakage occurs, i.e., an increase in S e . The gradation of 
responses from successful to unsuccessful involves increases in both the 
magnitude of leakage and the period of time needed for recovery. An 
unsuccessful response would be one involving a prolonged period of high S e , 
whether steady or unsteady, or a permanent breakdown of substrate removal 
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efficiency. Another manifestation of unsuccessful response may be an in¬ 
crease in the amount of biological solids X t in the effluent when an environ¬ 
mental shock affects the flocculation and settling of the biomass. 

Another important question for consideration before we examine some 
responses in growing systems pertains to the close scrutinizing of the 
experimental conditions. A simple quantitative shock can cause multiple or 
compound shock conditions. For example, consider a system that has been 
growing under steady state conditions with the air supply in just sufficient 
excess so that it is not a limiting factor. If S, increases, the oxygen supply 
may become limiting. Cells are then hampered in responding to the quan¬ 
titative shock because of the concomitant deficiency in the oxygen supply. In 
such a case, the data obtained are not valid for testing the efficiency of a 
growth model for predicting the transient response. Likewise, an increase in 
the carbon source concentration can make the medium or carriage water 
deficient or unbalanced in inorganic nutrients, e.g., nitrogen source. Also, 
increased respiration due to the extra carbon source will depress the pH 
because of carbon dioxide evolution. All of these coincidental environmental 
changes precipitated by the planned or known one are important con¬ 
siderations in natural and engineered microbial environments. However, if the 
purpose is to examine the response of the cells to the particular shock 
investigated, one should try to eliminate these complicating factors in 
analyzing the results. In laboratory experimentations, the situation can be 
controlled by experimental design and monitoring of multiple parameters. In 
field studies, in which experimental control is more difficult to achieve or in 
some cases is even undesirable, useful interpretation of the observed results 
is enhanced by monitoring many different environmental parameters and 
using the results of all of these analyses in interpreting the cause of the 
observed event. 

Step Increase in S t 

Assuming that there are no complicating factors such as those mentioned 
above, one would expect a successful response if X could increase at a rate 
rapid enough to consume the potentially rising concentration of S in the 
reactor due to the step increase in S,. Figure 13-1 shows the response of a 
heterogeneous microbial population to a 50 percent step increase in S,-. The 
soluble S e , as measured by either the COD test or the periodate test used here 
as a more specific measurement of sorbitol (actually for alcohols), remained 
the same before and after the step increase in feed concentration. Although S, 
changed abruptly from 1000 to 1500 mg/L of sorbitol COD at time 0, the 
potential increased concentration of S in the bioreactor changed along a 
dilute-in curve defined by Eq. (6-31) for completely mixed reactors (see dotted 
line in Fig. 13-1). This represents the calculated change in S e with time if the 
additional concentration in the feed were not metabolized. For this shock, the 
microbial population X increased at a rate sufficient to consume the additional 
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Figure 13-1 Response of a continuous flow completely mixed reactor of the once-through type to a 
change in the influent feed from 1000 mg/L to 1500 mg/L of sorbitol. Dilution rate was 0.125 h -1 . (Data 
from P. Kiravanich and A. F. Gaudy, Jr., unpublished .) 

incoming substrate. The response is reassuring, but the results shed little light 
on the mechanism of response. The fact that the levels of both cell protein 
and cell carbohydrate rose proportionally indicates that the cells probably 
experienced essentially balanced growth in the transient period. How does 
one interpret the result in keeping with the growth model or theory of 
continuous culture? There was no observable change in S e . In keeping with 
the Monod equation, there would then have been no discernible change, i.e., 
no change measurable by the techniques used, in p during the transient stage. 
However, in accord with the theory, the system may have responded to 
minute changes in S e by minute changes in p, thus increasing X continually in 
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pace with the added substrate so that there was no measurable increase in S e 
as X attained the new steady state level. Even if there was slippage, lag, or 
kinetic inertia in the change of y with change in S e , the rate of increase in S e 
was not sufficient to cause any detectable leakage of substrate. This could 
come about because the rate of applying the shock was slow enough (D — 
0.125 IT 1 ) to permit the biomass to accommodate the 50 percent increase in S f . 

While it is important to show that a successful response is possible, a less 
successful one in which there was a transient rise in S e would be more 
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Figure 13-2 Response of a continuous flow completely mixed reactor of the once-through type to a 
severe quantitative shock load consisting of a change in S, from 400mg/L to 1450 mg/L COD 
(glucose). Dilution rate was 0.244 h" 1 . (From Gaudy and Gaudy, 1971; adapted from Storer and 
Gaudy, 1969.) 
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satisfying from the standpoint of examining the growth model. In Fig. 13-2 there 
is a definite rise and decrease in S e , measured as either soluble COD or COD 
due to carbohydrate. The carbon source was glucose, and the anthrone test 
was used as a measure of effluent carbohydrate. Thus, most of the substrate 
in the effluent was not the original substrate but metabolic intermediates 
and/or end products elaborated by the cells in response to the shock. This is 
indeed a complicating factor because it changes the nature of the substrate 
and thus possibly the numerical values of the biokinetic constants. That is, the 
quantitative shock load led, in a very real sense, to a combined quantitative 
and qualitative shock load because of new substrates produced by the microbial 
population. Unfortunately, from the standpoint of kinetic modeling, there is no 
guarantee that this phenomenon will occur all the time or to the same degree in 
response to quantitative shocks. 

Fitting curves through the plotting points for X and S e (as COD), one can 
calculate the observed values of /x for small increments along the biomass 
curve according to the following equation: 

_ ln(X„ + JX n ) 

^ t 

These values of n can be compared with the values of S e at the corresponding 
time. If one has determined the values of jx max and K s for the system in the 
prior steady state, the predicted values of fi at each value of S e can be 
calculated from the Monod equation (Eq. (6-23)] for comparison with the 
actual values calculated from the slope of the curve. It is seen from the plot 
of X that n increased after the step change in S, and eventually decreased as 
a new steady state was attained. The question is, are these increases and 
decreases proportional to the increase and decrease in S e predicted by the 
Monod equation? It was shown for these data that they were not (Storer and 
Gaudy, 1969). In general, during the early phase of the response, as S e rose, 
the observed values of /x were lower than those predicted, whereas as S e 
decreased toward the new steady state level, the observed values of /x were 
higher than those predicted. This lag in the response of /x to changes in S has 
been referred to as growth rate hysteresis by Perret (1960). The data did not 
correspond to the idealized hysteresis loop described by Perret, possibly 
because of our use of heterogeneous microbial populations and of soluble 
COD; however, the data attest to the existence of such an effect. The 
hysteresis effect is somewhat similar to the “slippage” effect previously 
demonstrated in batch growth studies (see Chap. 6). Regardless of the fact 
that Eq. (6-23) cannot really be used to predict /x during the transient stage, it 
is of applied interest to determine the magnitude of the discrepancy in 
predicted and observed values of X and S e . Using previously determined 
values of K s , /x max , and Y, ( k d assumed = 0, i.e., case a, Herbert’s equation, see 
Table 6-3), predicted values of X and S e were calculated and are shown in 
dotted lines on Fig. 13-2. While it must be concluded that the use of the 
Monod relationship did not provide a very accurate prediction of the transient 
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response to the threefold increase in Si, in this case it did give a fairly close 
estimate of the maximum concentration of S e reached during the transient 
stage, and it provided a somewhat conservative estimate of the total amount 
of substrate leakage (area under the curve) during the transient period. 

One cannot always expect a biomass or “biological sludge” to behave as 
though it were an average single species of microorganism. It is, after all, an 
entire system of microorganisms, even though we attempt to trace its 
behavior as an en masse response in order to deal with the biomass as a single 
material and to formulate technologically useful predictions in regard to gross 
biochemical response to change. In Chap. 6, we saw that we could deal with 
the biomass with some success in the steady state condition by providing a 
rather long period of acclimation and/or adaptation under steady operational 
conditions before taking steady state data. However, if we now change the 
conditions, we may set in motion another round in the process of “selection 
of the fittest.” Cells that were fit for the steady state environment before the 
shock may not be fit for the new steady state. Also, cells that might be able to 
exist successfully in both the new and former steady states may not be able to 
compete successfully in the transient stage and may thus be diluted out of the 
system. Thus, there may be drastic changes in the predominating species in 
response to a change in S, (or any other type of shock). 

The available data suggest that the first response, essentially that of the 
cells predominating prior to the shock, is the more rapid and that upsets due 
to changes in the predominance of species may at times be expressed as an 
after-shock or secondary response. Such an effect is shown in Fig. 13-3. After 
150 h of steady operation at S* = 1000 mg/L, a step change to 2000 mg/L was 
made. The early response, 150 to 180 h, was as successful as that shown in 
Fig. 13-1. There was no rise in the effluent substrate concentration. However, 
following the successful response, there was a severe dilute-out of cells and 
the soluble COD rose to 800 mg/L. Most of this increase in effluent COD was 
attributable to leakage of the original carbon source as measured by either the 
anthrone test or an enzymatic test for glucose. Also, acetic acid was found in 
significant concentrations in the effluent. Forty hours were required before the 
system corrected itself. During the first response (no substrate leakage), there 
was no discernible change in species predominance as judged by microscopic 
observation of live and stained preparations and the general appearance of the 
biomass. However, during the second response there was a drastic change in 
predominance. Prior to this change. Gram-negative cells predominated, 
whereas afterward, Gram-positive cells predominated and the number of 
filamentous forms increased. After returning the feed level to 1000 mg/L, 
Gram-negative organisms again predominated but the biomass remained 
highly filamentous in character. 

Since operational factors such as D or lit, a, and X R (or c) exert some 
control over the behavior in X and S e in steady state, it might be asked 
whether these parameters help determine or aid in predicting the transient 
response to quantitative shock loading. D in once-through systems or D, a, 




Figure 13-3 Response of a continuous flow completely mixed system of the once-through type to a quantitative shock load consisting of a twofold 
increase in S,. Dilution rate was 0.125 h“'. pH was maintained at 6.7 and the DO did not fall below 7.5 mg/L. (Adapted from Thabaraj and Gaudy, 1969.) 
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and X R in recycle systems exert control over the specific growth rate (either 
fi n or ft), and this parameter seems to play a significant role in determining the 
probability and magnitude of substrate leakage during qualitative shock loads. 
Can the specific growth rate be expected to exert some influence in the case 
of quantitative shock loads? In a once-through system, D is equal to fi (or to 
ix„, depending on consideration of the maintenance coefficient k d ). D also 
controls the rate of application of the increased S, [see Eq. (6-31)]. If the 
potential capability for successful response is related to the difference be¬ 
tween the value of ju. max and the n at which the system is operating prior to the 
shock, then the slow growth rate and the lower application rate provided by 
use of a lower D or higher t can be expected to provide a better response to 
the same increase in S, than that of a faster growing system. 

The results for the once-through systems shown in Fig. 13-4 bear out this 
expectation. Clearly, the system growing at D = 0.083 h _1 leaked less substrate 
than did the more rapidly growing system. The dashed lines show the 
application rate of the shock, i.e., the 4000 mg/L step increase in S,; it is 
apparent that the slower growing system was also loaded more slowly. 
Experiments such as this show the beneficial effects to be expected due to 
increased mean hydraulic detention time F, but they do not really tell whether 
the better response at the lower dilution rate is due to a slower growth rate 
prior to the shock or to the slower rate of application of the shock. It is also 
clear that the mass loading rate (grams of carbon source per liter of reaction 
liquid per hour) for the 12-h F is only one-third that for the 4-h detention time. 
In regard to quantitative step shocks, it has not been fully resolved whether 
the intensity of change in the concentration of S, or the mass loading rate 
plays a greater role in determining the course of the response. 

In Fig. 13-4 it is clear from the protein and carbohydrate concentrations in 
the biomass that the increase in cell concentration was due to a growth 
response, i.e., cell protein and biomass concentrations rose proportionally, 
indicating that the increase in biological solids concentration was due to 
replication of cells. There was no disproportionate increase in the carbo¬ 
hydrate concentration that could signal unbalanced synthesis, e.g., oxidative 
assimilation of substrate as storage products. However, when we examine 
systems operating at a much higher biomass concentration (and lower specific 
growth rate) due to cell recycle (see Fig. 13-5), there is clear evidence of a 
response involving oxidative assimilation. The response to the sixfold in¬ 
crease in Si was rather rapid, as shown by the increase in the concentration of 
biological solids X, but there was a disproportionate increase in carbohydrate 


Figure 13-4 Effect of dilution rate on response of a heterogeneous biomass growing in a 
once-through reactor. Prior to time 0, both systems were in a steady state with respect to S, and X. 
The concentration of carbon source (glucose) being fed was 1000 mg/L. At time 0, both systems 
were subjected to a step increase in feed concentration to 5000 mg/L. (A) Dilution rate = 0.25 h _l ; 
(B) dilution rate = 0.083 h' 1 . (Adapted from Krishnan and Gaudy, 1976.) 
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Figure 13-5 Response of an activated sludge system operated with a = 0.25 and X R = 8000 mg/L to step changes in glucose 
concentration, 500 to 3000 to 500 mg/L. (Adapted from Saleh and Gaudy , 1978.) 
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synthesis indicative of oxidative assimilation of the carbon source by the cells 
and the production of carbohydrate storage products. There was little or no 
leakage of soluble organic matter until X, the biomass concentration, had 
nearly attained a new steady state level. While X remained fairly steady after 
day 12, it is clear from the changes in protein and carbohydrate concen¬ 
trations that the biomass was by no means in a steady state with respect to its 
biochemical composition and most likely with respect to the relative numbers 
of the individual species of which it was constituted. Microscopic obser¬ 
vation, however, did not reveal any gross changes in morphological form that 
would indicate changes in species predominance. The disruption of overall 
COD removal efficiency was due essentially to the presence in the effluent of 
nonflocculated cells that did not settle out in the clarifier (slightly less than 10 
percent of the total biological solids concentration). 

One may ask whether the oxidative assimilation response, i.e., the in¬ 
creased carbohydrate content, could have been responsible for the loss of 
unflocculated cells in the clarifier effluent. Results of other studies in which 
the biomass had a much higher carbohydrate content do not permit such a 
generalization (see Chap. 10). One may also ask whether a response involving 
oxidative assimilation such as that shown in Fig. 13-5 is to be expected 
generally as a consequence of the high biomass concentration. While the 
results of many experiments permit us to say that such does seem to be the 
expectation, the degree of variation in heterogeneous populations is such that 
one cannot say this unequivocally. Figure 13-6 shows the results of an 
experiment conducted in exactly the same manner as that shown in Fig. 13-5 
but with another biomass developed from a similar source of cells (municipal 
sewage) 1 year later. There was a deterioration in the effluent quality of 
approximately the same magnitude as in the previous experiment, but there 
were two important differences in response. In the first experiment, the 
increased COD in the effluent was due mainly to nonflocculated cells, but in 
the second experiment both X e and S e increased. Recovery of settleability in 
the clarifier was more rapid than was recovery of effluent quality with regard 
to S e . The second major difference was in the nature of the biomass response. 
In the second experiment, a typical growth response was observed, i.e., an 
increase in protein concentration with biomass concentration. However, there 
was considerable unsteadiness in the biochemical composition of the biomass 
during the transient period, and samples taken during day 14 show that the 
carbohydrate content of the biomass eventually exceeded that of protein. This 
may be taken as evidence that an oxidative assimilation type of response 
occurred, but it was not the immediate or early response to the step change as 
it was in the previous experiment. Also, during the second experiment there 
was ample evidence of a change in the predominating species during the 
transient phase. There was a decrease in the number of protozoa and an 
increase in filamentous forms. Since fungi in general have higher carbo¬ 
hydrate contents than do bacteria, this change may account for some of the 
increase in the carbohydrate concentration. 
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The results shown in Figs. 13-5 and 13-6 attest to the reproducibility of 
the magnitude of transient COD leakage for heterogeneous biomasses, but 
they demonstrate that exact reproducibility for such complex systems cannot 
be expected. In regard to the provision of practical guidelines, these results 
allow us to predict with some degree of confidence that a system operated 
under these conditions (t = 8 h, a =0.25, X R = 8000mg/L), which are fairly 
typical of field installations, can recover after a significant but rather short 
period of time from a very large (sixfold) step increase in S,-. Similar 
experiments indicated that for a threefold increase, there was very little loss 
of either soluble substrate or biological solids in response to the step change 
(see Fig. 13-7). 

The step changes in S, applied in the experiments shown in Fig. 13-2 and 
13-7 were approximately the same. Comparison of the responses indicates 
that one may expect considerable attenuation in the magnitude of leakage of 
S e depending on the biomass concentration in the reactor at the time of the 
shock. Increased biomass concentration may have various advantages, but it 
must be remembered that to run a system at high concentrations of biomass 
one also must grow the system at a slower net specific growth rate ; since 
more solids are recycled, less are discarded, i.e., there is less excess sludge 
[also see Eqs. (6-45) and (6-75)]. There should be more dead or dying cells in a 
biomass of greater cell age, and it might respond to an environmental change 
more sluggishly. If we take the extreme case, i.e., total cell recycle such as in 
the extended aeration process, /x„ approaches 0 and X becomes rather high 
depending on the values of k d and the organic loading as determined by S, and 
F. In laboratory pilot plant studies, an extended aeration system was operated 
for more than 1 year at S, of 500mg/L of glucose COD prior to being 
subjected to a step increase in S, from 500 to 2500 mg/L; the biomass 
concentration was approximately 8000 mg/L. This system was more resistant 
to leakage of S e than was the system of Fig. 13-7, with a smaller step increase 
from 500 to 1500 mg/L (Ramanathan et al., 1968). Such results augur well for 
the extended aeration process and the maintenance of high biomass concen¬ 
tration in the aerobic reactor. Both the high X and the longer t used are 
expressed in a lower (higher © c ) according to Eq. (6-75). The practical 
biological limitations of lowering ix„ are not fully known as yet, and there are 
important questions of engineering economy such as balancing the greater 
reactor volume and air (energy) consumption against the production of less 
sludge and possibly greater operational protection against quantitative shock 
loads. 

Technologists who make decisions in regard to an activated sludge 
process for treating a wastewater can use the available experimental data on 
response to quantitative shocks in deciding among options. One could decide 
to prevent increases in S, between three- and sixfold by enforcing restrictions 
on periodic sewering of high-strength waste (i.e., by requiring some 
pretreatment and/or holding at the source of waste manufacture). Or one 
could allow the shock to occur but provide some backup treatment at the 
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Figure 13-7 Response of an activated sludge operated with a =0.25 and X R = 8000mg/L to step changes in glucose concentration, 500 to 1500 to 
500mg/L. (Adapted from Saleh and Gaudy, 1978.) 
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activated sludge plant to handle the increased S e and X e . Another possible 
decision could be to allow excess organic concentrations in the effluent from 
time to time. All three approaches may be valid possibilities, and a final 
decision depends on close evaluation of the individual conditions and the 
effect of the decision on the communal environment. Such technological 
policy making requires much investigative work on the part of environmental 
technologists. However, it is quite clear that the starting point in the in¬ 
vestigation is experimental results that indicate the magnitude of an increase 
in Si that is expected to cause a disruption in effluent quality. One must rely 
quite heavily on such guideline experimental data because there is not yet 
sufficient knowledge to permit the construction of models that can provide an 
adequate prediction of the transient phase. 

Cyclic Step Change 

This type of shock consists of a series of alternating step increases and step 
decreases. Depending on the periodicity and amplitude of the changes, the 
population may be in a more or less constant state of transient response, first 
to the increase and then to the decrease; thus a stage of transition may be 
perpetuated. How will this affect the effluent quality? It was shown previously 
that in a pilot plant operated with a constant Xr of 8000 mg/L, a threefold 
step increase in S t (500 to 1500 mg/L) did not result in any significant leakage 
of substrate during the transient phase (see Fig. 13-7). However, 3 days (or 9 
t ) were required before the biomass attained a pseudo-steady state. Thus, if a 
complete cycle of shock were applied each day, i.e., 500 to 1500 to 500 mg/L, 
the system would be subjected to repeated increasing and decreasing quan¬ 
titative shock loading with no opportunity to attain steadiness. The response 
of a system operating with Xr = 10,000 mg/L to such a pulsing loading is 
shown in Fig. 13-8. These experiments were carried out over an 18-day 
period. The operational performance in the period of steady operation prior to 
cycling S, is not shown in the figure, but the average values of S t , X e , and S, 
were 29, 17, and 10 mg/L, respectively. During the first 6 days there was a 
small but noticeable cycling in S e , varying from 10 to 20 mg/L COD. This 
relative steadiness in S e was due to the much greater rise and fall in X. The 
cyclic deterioration and recovery of effluent quality as measured by total 
COD, S„ were clearly due to the discharge of unflocculated cells caused by 
periods of step-up in loading. After a time (6 days in this experiment), there 
was a significant decrease in the amplitude of the cyclical disturbance in 
effluent quality. After the tenth day there was only a slight rise and fall in S, 
and X e , and little or no cycling in S e . The major response was continued 
cycling in somewhat diminished amplitude of X in pace with the cyclic 
loading. One sees in this result a striking ability of the population to accom¬ 
modate satisfactorily to a rhythmic environmental change. One might specu¬ 
late at length on the mechanism by which the population was able to adapt to 
the cyclic shocks, but we do not have sufficient data to provide an explana- 
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Figure 13-8 Response of an activated sludge to 12-h cyclical step changes in S/ (glucose), alternating 
concentrations of 500 and 1500 mg/L. a = 0.25; X R = 10,000 mg/L; D = 0.125 h" 1 . Note the attenua¬ 
tion of cyclical variation of biomass concentration in the reactor and clarifier effluent characteristics. 
(From Saleh and Gaudy, 1978.) 


tion. There is need for both biochemical and ecological research in this area if 
the development of kinetic models is to have a sound scientific basis. 


HYDRAULIC SHOCK LOADINGS 

Hydraulic shock loading commonly occurs at wastewater treatment plants 
due to the fact that F varies during each day in accordance with working and 
living habits and local weather. The local weather can be an important factor 
because, while the wastewater collection network ideally is designed to 
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collect only intentionally sewered materials (sanitary sewers) rather than 
storm drainage as well (joint sewers), there are opportunities for water to 
infiltrate the sanitary sewer during rainy periods, depending on the materials 
and methods of construction and the age of the sewer system. 

There are variations in the possible modes of application of hydraulic 
shock loadings. At one end of the spectrum one may envision a pure 
hydraulic shock in which the only change is in F ; that is, S-, remains the same. 
Under this type of shock the mass organic loading rate increases or decreases 
with increases or decreases in F. At the other extreme is the case in which the 
mass loading rate remains fairly constant, in which case S, is increased or 
decreased with decreases or increases in F. 

Under conditions in which no change in S f occurs, a system growing at 
dilution rate D = 1/8 h' 1 may undergo some transient disturbance in response 
to a fourfold step-down in F (D = 1/8 to 1/32. h _I ), but very little disruption of 
substrate removal efficiency occurs (see Fig. 13-9A). However, the same 
step-down under a constant mass organic loading rate imposes not only a 
reverse step-down hydraulic loading but also a fourfold quantitative step-up 
in Si and results in a more deleterious response, as shown in Fig. 13-9B. 

A step-up in D with S, remaining constant can be expected to foster 
greater transient leakage of substrate than the same step-up under conditions 



Figure 13-9 Response of heterogeneous populations growing in a once-through chemostat to various 
hydraulic shock loads. (A) Decrease in dilution rate, no change in S„ mass loading rate decreased. 
(B) Decrease in dilution rate, change in S, to provide constant mass loading rate. (Adapted from 
George and Gaudy, 1973a.) 
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Figure 13-10 Response of heterogeneous populations growing in a once-through chemostat to 
various hydraulic shock loads. (A) Increase in dilution rate, no change in S,-, mass loading rate 
increased. (B) Increase in dilution rate, change in S, to provide constant mass loading rate. (Adapted 
from George and Gaudy , 1973a .) 


of constant organic loading rate, as can be seen by comparing parts A 
(constant S,) and B (constant organic loading rate) of Fig. 13-10, showing the 
response to a twofold increase in dilution rate. Holding S, constant and 
imposing greater and greater step increases in D leads to higher transient 
leakage of substrate and eventually to dilute-out of the cell population as the 
increased D approaches the critical (wash-out) value. 

As in the case of quantitative shock loading, the use of cell recycle, 
providing higher biomass concentration X and an accompanying lower 
specific growth rate, tends to suppress increases in S e during the transient 
phase following a step change in D. At the low specific growth rates encoun¬ 
tered in activated sludge reactors, a 200 percent step change in F appears to 
be accommodated easily without a significant increase in S e . 


pH SHOCK LOADINGS 

Most bacteria prefer pH values near neutrality. However, there is much 
diversity in nature, and some bacteria, as well as other microorganisms, prefer 
environments of rather high or low pH, whereas others can grow over a rather 
broad range of pH values. We discussed the importance of pH in the selection 
of species in Chap. 5, and this effect of pH is evident in heterogeneous 
populations subjected to even small changes in pH. For example, the rather 
small step-downs from neutral pH shown in Fig. 13-11A and B elicited very 
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Figure 13-11 Response of heterogeneous 
populations growing in a once-through 
chemostat to small decreases in pH. ( A ) pH 
changed from 6.7 to 6.2. (B) pH changed 
from 6.7 to 5.8. (From George and Gaudy, 
1973c.) 


marked transient stages between steady state conditions before and after 
shock in once-through, completely mixed growth systems. In the experiment 
shown in Fig. 13-11 A, a large fraction of the population was washed out of the 
reactor, and the amount of soluble organic matter (T-COD) in the effluent 
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increased drastically. The effluent COD was largely metabolic intermediates, 
not the original substrate. Also, as the final steady state was approached, the 
cell yield was significantly higher than it was before the shock. When natural 
populations were similarly developed from a seeding of municipal sewage, 
grown under similar preshock conditions, and then subjected to step-ups in 
pH of the same magnitude, some transient disturbance was noted but there 
was not so much change in X and S e as when the pH was lowered. 

More severe step-downs in pH elicited greater transient leakage of 
substrate, but the amount of substrate released was smaller for systems in 
which the preshock biomass concentration X was higher. This attenuating 
effect of the biomass concentration is seen in the lower portions of Fig. 13-12, 
parts A, B, and C. All three continuous growth systems were started from 
seeds of municipal sewage; the magnitude and rate of application of the 
step-down in pH were approximately the same for all systems. Biomass 
concentration varied from slightly greater than 400 mg/L for the once-through 
system shown in part A to approximately 2250 mg/L for the total recycle 
system (part C). In part C there was no leakage of soluble carbohydrate 
(A-COD) and very little leakage of total soluble organic matter (T-COD). The 
shock caused a drastic change in species predominance in all three systems, 
and this change had a serious effect on the flocculating and settling charac¬ 
teristics of the biomass in the total recycle system. The drastic decrease in X 
for this system (part C) was due to decreased settleability of the cells. In all 
systems, the population (assessed by simple microscopic observation of wet 
mount slides) before the shock consisted of a variety of species of bacteria, 
and a number of different types of protozoa were present; only a few 
filamentous microbial forms were observed. The biochemical composition 
before the shock (top portions of figure) with respect to protein and carbo¬ 
hydrate content was normal for bacterial systems under balanced growth 
conditions. In response to the shock, the population shifted to one in which 
filamentous forms predominated and protozoa were either absent or drastic¬ 
ally reduced in number and kind. The shift in biochemical composition, i.e., 
decreased protein and increased carbohydrate, is consistent with pre¬ 
dominance changes recorded by microscopic observation. The increase in 
RNA and DNA content of the cells in part A indicates that while the overall 
biomass concentration decreased during the first 20 h after applying the shock, 
there were cells in the biomass that were actively growing in the new 
environment. That is, whereas the population experienced a severe dilute-out, 
the ecological response that eventually resulted in successful substrate 
removal was well under way before all the species that were unfit for the new 
environment were washed out of the system. The amounts of RNA and DNA 
may have peaked after 20 h, but at this time the concentration of cells was so 
low that reliable analyses could not be made. 

The prime mechanism of response to pH shock appears to be ecological, 
i.e., a shift in predominating species, rather than biochemical acclimation of a 
large portion of the species present prior to the shock. However, the ap- 
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Figure 13-12 Response of heterogeneous populations to severe changes in pH. (A) pH changed from 6.7 to 3.2, no cell recycle. (B) pH changed from 6.7 
to 3.3, approximately 1000 mg/L cell concentration in recycle at rate 33 percent of feed flow. (C) pH changed from 6.7 to.3.2, total recycle of all settleable 
cells at rate 33 percent of feed flow. (From George and Gaudy, 1973c.) 
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pearance of the filaments was so rapid that it seems possible that the change 
in pH caused some species that had been present in the population as 
individual or clumped cells to convert to filamentous forms in response to the 
shock. The fact that cell recycle, which provided the higher biomass concen¬ 
trations in Fig. 13-12B and C, attenuated the transient leakage of substrate 
might indicate that the cells present in the system prior to the shock did 
undergo some acclimation. On the other hand, one can be fairly certain, 
judging from the results in part A, that since the once-through biomass 
contained some cells that could respond successfully, increasing recycle of a 
larger portion of the cells would increase the initial numbers of cells that 
could respond successfully. Indeed, it can be argued that for the cells that did 
proliferate at the low pH, the “shock” possibly represented a relief from a 
previously more unfavorable environment. Thus, while for ease and con¬ 
venience in modeling and predicting performance in the steady state it seems 
possible to obtain adequate predictions by considering the population as a 
biomass, i.e., as an “average species,” it is more difficult to consider the 
biochemical response separate from the ecological response when analyzing 
and predicting response to changing environments. 

From the foregoing discussion it should be apparent that small changes in 
pH can cause rather drastic leakage of soluble substrate S e as well as the loss 
of cells from the system. The loss of cells in the effluent is just as serious a 
malfunction as is an increase in S e and is doubly deleterious because the 
biomass can be replaced only by growth of those organisms capable of growth 
at the new pH. Thus, pH shock can have a somewhat prolonged effect on 
effluent quality. During the period of new growth, the cells do not exhibit the 
flocculating tendency characteristic of more mature populations, so not only 
are cells that cannot grow or cannot grow rapidly enough at the new pH 
diluted out, but also cells capable of growth are lost because they do not settle 
in the clarifier. The data shown in Fig. 13-12C demonstrate the drastic loss of 
biomass that can occur as well as the beneficial effect of maintaining rather 
high biomass concentrations in the system. When pH shocks occur, addition 
of flocculating chemicals may prove helpful in smoothing out the transitional 
period of changing species predominance. As with all other possible changes 
in operational procedure, the cost of alleviating the effect of a pH shock must 
be balanced against the cost of preventing the shock by controlling pH. One 
or the other expedient is necessary if the steady output of the plant is to be 
maintained. 


TEMPERATURE SHOCK LOADINGS 

Like pH, the temperature at which a system is run exerts a selective effect on 
the population. For this reason and because temperature controls the growth 
rate, a change in temperature will have an effect on the biomass constants 
used to characterize the kinetic behavior of the cells in the growth reactor. 
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Whereas rather small changes in pH can exert rather drastic effects on the 
metabolism of individual species, many of the cells in an aerobic growth 
environment can proliferate over a fairly wide temperature range. Thus, while 
pH shocks usually elicit a considerable shift in the predominating species (the 
ecological response), a change in temperature may often bring about the more 
rapid (en masse) biochemical response of a large percentage of the species 
present at the time of administering the temperature change. One may also 
expect an ecological response to occur. 

Since temperature affects so many enzymatically controlled functions 
within a cell, which may be reflected in changes in the numerical values of the 
biokinetic constants used to describe the steady state operation, it is indeed 
perplexing to contemplate descriptive formulations of the response during 
transition stages between steady states. Also the possibility of hysteresis (i.e., 
slippage, inertia, or lag) as well as changes in species predominance in 
response to the change in environmental conditions make the possibility of 
devising physiologically significant formulations for the prediction of transient 
behavior rather remote at this stage of our knowledge. Fortunately, gt 
municipal wastewater treatment plants, rapid changes (shocks) in temperature 
are not so common as qualitative, quantitative, hydraulic, and pH shocks. 
Temperature changes usually occur more slowly, e.g., seasonally. However, 
there are situations at industrial waste treatment plants that result in more 
rapid temperature changes. Also, in the future, some industrial processing of 
waste substrates will probably be coupled to the production of biomass as a 
salable product (e.g., single-cell protein), and the economics of the process 
may prescribe operation at somewhat elevated temperatures. Such systems 
may be more sensitive to accidental changes in temperature, especially 
increases, as may be surmised by noting the uneven shape of the temperature 
curve shown in Fig. 5-1. 

Continuous growth studies in once-through reactors with a pure culture of 
Escherichia coli (Ryu and Mateles, 1968) indicated that for step increases in 
temperature within temperature ranges in which the Arrhenius equation [Eq. 
(3-33)] can be shown to apply in steady state, the observed maximum 
transient growth rate was smaller than that predicted by the Arrhenius 
relationship. Similarly, for step-down shifts in temperature, the observed 
transient minimum specific growth rate was higher than that calculated using 
the Arrhenius equation. Also, the change in specific growth rate did not occur 
immediately after the change in temperature; that is, a lag or inertial effect, 
referred to previously for the response to changes in S„ occurred in response 
to the temperature change. Thus, attempts to predict the transient response by 
integrating the once-through mass balance equations in S and X [Eqs. (6-33) 
and (6-36)] do not lead to an adequate description of transient response to 
temperature change. 

For temperature shock, as for some other types of shock loadings to 
heterogeneous populations, it seems safe to say that the slower the specific 
growth rate at the time of the shock, the better will be the response, i.e., the 
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Figure 13-13 Response of heterogeneous microbial populations growing in a once-through chemo- 
stat at 25°C to a decrease in temperature to 17.5°C. (A) Dilution rate = 0.125 IT 1 . (B) Dilution 
rate = 0.25 h' 1 . (From George and Gaudy, 1973b.) 


lower will be the amount of soluble organic carbon in the reactor effluent. For 
example, the system shown in Fig. 13-13A responded much more favorably to 
the step-down in temperature than did the system shown in part B. Both 
heterogeneous microbial populations were started from the same sewage seed 
and were developed on the same medium. The only difference in operating 
conditions was the specific growth rate, i.e., the dilution rate in each system. 
The steady state parameters are shown to the left of the dotted line through 
time 0. Both systems were essentially the same with respect to the biochemi¬ 
cal composition of the biomass, cell yield, and substrate utilization. The 
decrease in temperature was applied to each system at the same rate. It is 
quite apparent that the transient substrate leakage in the more slowly growing 
system was much less severe than in the more rapidly growing one. When 
similar systems were subjected to increases in temperature (see Fig. 13-14), 
the more slowly growing biomass again responded more successfully. The 
study from which these examples are taken included changes from a base-line 
temperature of 25°C to lower and higher temperatures. The general trend of 
the results indicated that these heterogeneous microbial populations could 
adjust to a wider range of increases than decreases in temperature. The range 
of temperature to which a population may make a successful adjustment 
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Figure 13-14 Response of heterogeneous microbial populations growing in a chemostat at 25°C to 
an increase in temperature to 47°C. (A) Dilution rate = 0.125 IT 1 . (B) Dilution rate = 0.25 h' 1 . 
(From George and Gaudy, 1973b.) 


without extensive transient substrate leakage is most probably related to the 
base or average temperature prior to the shock, since that temperature plays a 
definite role in selecting the microbial species present in the biomass (see 
Chap. 5). The 25°C temperature used in these experiments is near the 
minimum for the mesophilic group of microorganisms, and temperature 
increases from this base line might be expected to be tolerated more readily 
than decreases into the psychrophilic range. 

The experiments described above provide some insight into the effect of 
growth rate because the rate of application of the temperature shock was 
independent of the growth rate. However, one still wonders whether the better 
response at the slower growth rate was due to the fact that the cells were 
growing more slowly at the time of the shock or to the fact that they had a 
history of slow growth prior to the shock. Subsequent experiments shed some 
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light on this question (J. Antone and A. F. Gaudy, Jr., unpublished results). A 
once-through continuous growth reactor was operated at 25°C using essen¬ 
tially the same source of seed and the same growth medium as in the previous 
experiments. This system was grown at a specific growth rate or dilution rate 
of 0.25 IT 1 . Immediately before a step increase in temperature, the mixed 
liquor was divided into two activated sludge systems; one continued to be 
operated at a dilution rate of 0.25 h“ ! , while the other was operated at half this 
dilution rate (0.125 h _1 ). Both reactors received the same temperature shock at 
the same rate of application. The system growing at D = 0.125 h -1 leaked less 
substrate. When a similar experiment was run using cells that were growing at 
D = 0.125 IT 1 prior to the shock, the more slowly growing system again had 
the best response to the shock. It is obvious that in both experiments, one of 
the two activated sludges received a hydraulic shock at the same time as the 
temperature shock. It is significant to note that in the first experiment, the 
system operated at D = 0.125 hf l received a step-down hydraulic shock along 
with the temperature shock, yet it responded better than did the more rapidly 
growing system that did not receive a hydraulic shock. Thus, the results 
suggest that the slower growth rate at the time of shock rather than the 
immediate growth rate history prior to the shock plays the greater role in 
determining the ability of the system to accommodate to the shock. The 
benefit of the slower growth rate, i.e., longer cell residence time, in attenuat¬ 
ing the effects of temperature and other shocks is probably due to the fact 
that a cell has more time available to adjust to the changed environment 
before being diluted out of the reactor. In those treatment plants in which 
sudden changes in temperature are anticipated, it seems important to balance 
the cost of preventing temperature shock, e.g., by use of spray equalization 
basins, against that of providing for longer mean cell residence time, i.e., 
lower p.„. 


SHOCK LOADINGS WITH TOXIC OR INHIBITORY SUBSTANCES 

Considerable caution is called for in our thinking about toxic shock loadings 
and toxic compounds in general. Almost any compound administered in 
sufficient concentration may be toxic. Thus, substances that are substrates 
and metabolic stimulants at one concentration may be toxicants at another. 
Also, materials that are toxic to one species may enhance metabolism in 
another or may have no effect. The old cliche that one man’s meat is another 
man’s poison has a definite parallel in the world of microorganisms. Some 
microbes may detoxify various compounds in a wastewater stream, and 
probably in no other aspect of the biological treatment of wastes is the 
property of species heterogeneity a greater asset than in the treatment of 
wastes that occasionally contain “toxic” materials. While some species are 
sacrificed to the toxicant, others may thrive in its presence by metabolizing it 
or degrading it to a nontoxic form. However, a toxicant can usually be 
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depended on to narrow the range of species diversity, and in so doing it may 
make the system more susceptible to other types of environmental shock for 
which a change in species predominance could also have been used as a 
means to successful response. 

The entire question of toxicity will be coming under greater scrutiny as 
we move toward more general application of secondary treatment of waste- 
waters. It is not inconceivable, insofar as biological treatment plants are 
concerned, that compounds may be judged toxic b ec ause they cause shifts in 
t he pop ula tion that are a d verse to the successful ope ratLon of the pr oce ss. 
Thus, a compound may be considered toxic because it is incompatible with 
the treatment process. It may make the process more susceptible to pH and 
temperature change or to quantitative, qualitative, or hydraulic shock. Also, 
some compounds may seriously restrict the protozoan population, leading to a 
turbid effluent and requiring additional treatments to reduce X e to acceptable 
limits. Thus, considerations of toxicity, what constitutes a toxic substance, 
and whether a substance can be treated compatibly with other waste con¬ 
stituents are of particular importance in relation to the treatment of certain 
wastewaters prior to their entry to publicly owned treatment works, e.g., 
those funded under Pub. L. 92-500. It should be apparent that consideration 
of the need for, or the advisability of, treatment of various industrial and 
commercial effluents prior to discharge into municipal sewers will become an 
increasingly important part of the regulatory function in order to protect 
public investment. One of the prime considerations in this regard is assess¬ 
ment of the effects of various potentially hazardous wastewater components 
on the treatment plant. 

Since any list of compounds that possess possible toxic characteristics 
when introduced as a shock load or as a constant component of the feed to a 
biological process would be very long, and since there is little information on 
the conditions under which some of these compounds may be toxic, the 
coverage here will be of a more general nature in keeping with the aim of 
providing some guidelines for those who are, or will become, involved in 
technological management of the aqueous environment. 

Toxic Organic Compounds 

Toxic compounds may be organic or inorganic. Among the organic toxicants 
are some compounds that are also sources of carbon and e n ergy for s ome- 
organisms. Phenol and certain nhenolic derivatives are good examples of suc h 
toxic .compounds; One would expect an increased importance of phenolic 
wastes as highly industrialized nations with large coal reserves, such as the 
United States, use this resource more commonly for energy and as chemical 
feedstock for a variety of petrochemical products. Phenolic compounds are 
p rominent _ p.nnstitnp.nt 8 - in t he_ wastewaters from coking operations , for 
example. Also, the toxic properties of cresols and such substituted phenols 
as sodium pentachlorophenol are usefully applied in the wood preserving 
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industry, and these compounds are present in the wastes from the operation. 
Phen ol is used as an antimicrobial disinfectant in hospitals and_ in home c a re 
pro ducts . Phenol and its derivatives can be expected to reduce the number of 
species that can exist in a wastewater treatment system, but phenol can be 
removed readily by biological treatment processes. Species of the genus 
Pseudomonas often predominate in such microbial populations. 

The specific growth rate of species that can grow on toxic compounds 
appears to be subject to control by two competing substrate effects. The 
specific growth rate n tends to increase as substrate is increased, e.g., by a 
Monod-type relationship, but /a also tends to decrease due to the inhibitory 
effect of S as its concentration is increased. Various kinetic relationships 
have been devised to depict the joint dependence of ju. on S as substrate and 
S as inhibitor. One that is often used to fit experimental data is similar to one 
developed for the kinetics of enzyme reactions by Haldane: 


_ M'rnax^' 

^ - (K, + S)[l + (SIK,)] 


(13-1) 


This equation is similar to the Michaelis-Menten equation (3-36) or the 
Monod equation (6-23) with the addition of a term containing the inhibition 
constant K„ This equation predicts that as S increases, n rises, then peaks, 
and finally decreases as the inhibitor term dominates. An example of the type 
of data generated in batch growth studies using such a substrate is shown in 
Fig. 13-15. Acclimated heterogeneous microbial populations used in this study 
were harvested from a once-through continuous flow reactor that had been 
fed 1000 mg/L of phenol. The growth reactor was run at a dilution rate of 



Figure 15-15 Relation between specific growth rate and substrate concentration for hetero¬ 
geneous microbial populations growing on phenol. Plotting points for the solid-line curve were 
obtained using Eq. (13-1) and experimentally observed values of the kinetic constants. (Adapted 
from Pawlowsky and Howell, 1973.) 
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1/6 h _1 , and spherical bacteria predominated, w ith some predators being 
present. The specific growth rates attained were rather low compared with 
those usually observed for nontoxic substrates. For example, compare these 
values and the shape of this curve with those for nontoxic substrates, e.g., see 
Fig. 6-17 and 6-18. The values of /x max , K s , and X, that gave the best fit for Eq. 
(13-1) were 0.26 IT 1 , 25, and 173 mg/L, respectively. The curve plotted through 
the data was calculated using these constants and Eq. (13-1). In batch studies 
with toxic substrates, the observed fx values do not approach /x max as S 
in creases, as they do for nontoxic substrates, because as the initial substrate 
concentration S 0 increases, so does the inhibitory effect. For nontoxic sub¬ 
strates, the /i max values observed in batch and in once-through completely 
mixed continuous flow reactors are usually in reasonable agreement. 
However, for tox ic substr ates,, the maximimi-specific growth rate-Observed in 
b atch culture is often lower tha n th e i± m z - calculated from continuous c ulture, 
data (Radhakrishnan and Sinha Ray, 1974). Such a result is to be expected for 
an inhibitory or toxic substrate; the d iluting effec t-of the completely mixed 
reactor on the high feed substrate concentration works to the benefit of the 
system, whereas the high S 0 in a batch experiment works to the detriment of 
the cells, acting as a quantitative shock load each time the system is fed. 

The response of cells growing in the presence of inhibitory or toxic 
organic compounds to various types of shocks is of considerable practical 
importance in deciding whether such wastes should be separately treated or 
treated jointly with other waste components. While much more work is 
needed, based on the findings to date one may say that the general pattern of 
response to shocks is not unlike that for cells growing on nontoxic substrates. 
For example, the disruption and recovery patterns in response to a twofold 
hydraulic shock loading when phenol was a substrate (see Fig. 13-16) are very 
similar to those for a system growing on glucose (see Fig. 13-10.4). Data were 
not available to examine the possibility of leakage of metabolic products for 
the phenol system, so the disruption in terms of total effluent COD may have 
been much more severe. One may exp ec t populations grown in the presence 
o f toxic substrates To be^noFe-sensitive-to-shock^i.e.- , less s tahleor resistant 
to substrate leakage in-response-te an external-strcs&Jl can be expected that 
the number of spec ies in the biomass will be-reduced thus narrowing th e 
ra ngeoT possible e cological response. Much more experimental information 
on such systems is needed before generalizations can be made. For the 
present, as a general guideline it is safe to reason that since the substrate is 
toxic, anything one can do in design or operation to provide for controlled 
dosage of the toxicant to the treatment plant will be helpful to the system. For 
example, equalization basins at the plant site, treatment prior to sewering at 
the site of origin, or timed discharge to the sewer should be considered when 
it is proposed that known toxicants be allowed to enter the public sewer 
system. Short of controlling the inflow concentration of toxic compounds 
(which is indeed a valid consideration), j) ne may design systems to accept 
such^substrates-hy-Aising c ompletely mixed reactors and elongated hydraulic 
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Figure 13-16 Response of Bacillus cereus to a hydraulic shock load. The cells were growing on 
phenol, 5, =404mg/L. At time 0, the dilution rate was changed from 0.129 to 0.259 h' 1 . 
Temperature was 40°C. (Plotted from experimental data of Radhakrishnan and Sinha Ray, 1974.) 

r jpfpntin n ti me^thus diluting t hp inflow In operation one_can~also4owef the 
specific growth rate , i.e., increasejhe meansludge r eten tion time, byincreas- 
ine the cell recycl e, preferably by increasing the recycle sludge concentra¬ 
tion X R . 

Various types of inhibitory organic compounds may not be substrates for 
the microbial population. In such cases, a detoxifying response may involve a 
partial breakdown of the compound or a chemical reaction, such as complex- 
ing it with a substance elaborated by the cells or one contributed by cells that 
have succumbed to the toxicant. In nature there are usually some species that 
make use of any naturally occurring organic compound. Depending on the 
compound, the species that metabolize it may not be readily found, but the 
weight of evidence is that organisms can eventually be found in nature to 
metabolize almost any natural compound. This is expected since nature has 
been evolving for many years, and the major contributors to the decay leg of 
the carbon-oxygen cycle, the microbes, are the most adaptable and most 
rapidly growing organisms in the cycle. However, within a span of only a few 
years, humans have been able to produce and continually release into the 
natural environment a variety of compounds that by nature’s standards are 
indeed unnatural and very often toxic. Biological decay and/or detoxification 
mechanisms may not yet have evolved for them; however, such evolution, 
because of the short generation time of microorganisms, may not require very 
long periods of time under controlled conditions. For example, there is some 
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evidence that pentachlorophenol can be a source of carbon and energy for the 
gro wth of c ertain speci eS-Of-microorganisnis4hat have developed after a long 
peri od of contact with this compo und (Chu and Kirsch, 1972). 

Pentachlorophenol, along with various creosote compounds, is used 
widely in the wood preserving industry. In studies with heterogeneous 
microbial populations of sewage origin growing on glucose, it was found that 
these batch-activated sludges could be acclimated to tolerate rather high 
concentrations, 250 mg/L, of pentachlorophenol without serious impairment 
of substrate removal efficiency (Heidman et al., 1967). Analyses were made 
for sodium pentachlorophenol using the aminoantipyrine method for phenol 
during the experiment, and its concentration did not decrease during the 
growth period. Thus, the organisms developed a protective mechanism or 
made only a slight chemical change in the toxicant, i.e., not enough change to 
prevent the compound’s detection by the aminoantipyrine method. In these 
experiments, although a rather high concentration of pentachlorophenol could 
be tolerated, it did not serve as a substrate. 

When much lower concentrations of pentachlorophenol were shock- 
loaded to nonacclimated sludges, there was considerable impairment of 
growth and substrate utilization rate as compared with unshocked control 
systems (see Fig. 13-17). In these cases, as well as in the experiments with 
acclimated cells described earlier, the pentachlorophenol concentration 
remained the same throughout the experiment. The lower concentration of 
pentachlorophenol caused retardation of growth and substrate removal, and 
there was a significant difference in the oxygen uptake or BOD expressed 
during the incubation period. Pentachlorophenol can uncouple oxidative 
phosphorylation; i.e., oxygen uptake can proceed with less ATP being 
generated. Thus, more substrate is oxidized to obtain the ATP that the 
organisms need, and the ratio of respiration to synthesis can be increased. It 
is interesting to note that if one were using BOD as a measure of the strength 
of the waste, a small shock amount of this toxicant could cause an apparent 
increase in the strength of the incoming waste (see hours 6 and 7 in Fig. 
13-17A). 

Pentachlorophenol action demonstrates an important general principle of 
environmental microbiology that may be used as an argument for separate 
biological pretreatment for such specialized industrial waste components 
rather than sewering them to publicly owned plants. The report that 
organisms had been adapted to growth on pentachlorophenol demonstrates 
that organisms able to use this toxicant as a sole source of carbon and energy 
do exist, or can evolve, in nature. For example, they are found in soils that 
have been dosed with the compound over a long period of time. Thus, such 
compounds may be subject to biological degradation. However, when they 
are present only periodically in the waste stream and then in the presence of 
other more readily metabolized carbon sources, there is little time for adap¬ 
tation and/or acclimation to occur and their toxic effects, can result in reduced 
efficiency of purification. Not only does this result in the discharge of 
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Figure 13-17 Response of batch-operated activated sludge to slug doses of sodium pentachlorophenol. (A) 15 mg/L of pentachlorophenol added at time 0. 
(B) 30 mg/L of pentachlorophenol added at time 0. Curve labeled glucose COD was determined using anthrone test. (From Heidman, et al., 1967.) 
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excessive BOD and possibly increased biological solids to the receiving 
stream, but the toxic compound also may pass unchanged through the 
treatment plant and exert its toxic effects in the receiving stream. 


Toxic Inorganic Compounds 

Inorganic toxicants may be classified in two broad categories. In one are the 
highly toxic elements and compounds such as chromium, chromates, nickel, 
zinc, copper, arsenic, and the cyanides, among others. In the second are such 
elements as sodium, calcium, potassium, manganese, iron, and chlorides that 
are necessary constituents of growth media but may exhibit toxic effects in 
high concentration or under shockloading conditions. Depending on their 
concentrations, the latter, usually nontoxic, elements may cause shifts in the 
metabolic processes that can change the normal growth patterns and possibly 
hamper the removal of organic substrates. It is well known that industrial 
microbiologists often use this fact to orient metabolic pathways toward the 
production of a particular salable product. 

Cyanide Considering the first category, i.e., the highly toxic inorganic con¬ 
stituents, cyanide is a good example (although hydrogen cyanide could be 
classified as organic), and it is found in a variety of wastewaters that may enter 
biological treatment plants. Cyanides are a constituent of wastes from elec¬ 
troplating and metallurgical operations, chemical manufacture, and petro¬ 
chemical and coking operations. It is less generally appreciated that cyanides are 
also produced biologically. Some abundant cyanogenic plants are sorghum, 
alfalfa, almonds, and peaches. Cassava flour, used in West Africa, contains such 
large quantities of cyanides that when cassava forms a staple part of the diet, the 
daily human consumption amounts to approximately half the lethal dose. 
Cyanides are also produced by fungi and bacteria under certain growth 
conditions. Various amino acids, most notably glycine, serve as metabolic 
precursors of cyanide. The mechanism of production is not well understood; in 
Chromobacterium violaceum there is evidence that the carbon in HCN 
(hydrogen cyanide) originates from the methylene group: 



NH?CH 2 COH -* -* -*• -> H*CN + C0 2 + 4(H) 

The production of cyanides by microorganisms is worthy of considerable 
study. However, the prime interest here is their destruction, their 
detoxification, assimilation, and/or removal by heterogeneous populations, 
and in particular their effects on the population under shock loading con¬ 
ditions. 

There have been many studies on the biological treatment of cyanide- 
containing wastewaters using both fixed media and fluidized reactors. Cyanide 
can serve as a sole source of nitrogen and carbon; in some cases cyanide 
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removal may be improved by adding an organic carbon source. However, the 
fact that an unusual metabolic capability can be shown to exist does not 
guarantee that it can be made to occur regularly and reliably in a biological 
treatment plant. Long-term studies in our laboratories (Y. J. Feng and A. 
F. Gaudy, Jr., unpublished results), using a hydrolytically assisted extended 
aeration process for the concurrent treatment of organic wastes and removal 
of various concentrations of cyanide, showed that excellent removal of 
organics and cyanide could be obtained. However, it was necessary to adapt 
the population by slow stepwise increases in cyanide concentration, from 5 to 
10 to 15 to 20 mg/L. Even with prolonged operation at each level, there was a 
significant disturbance in the system, which lasted from 2 to 4 weeks, with 
each step increase in cyanide level. Cyanide removal was not affected to any 
great extent during the transient period, but nitrification decreased and the 
effluent ammonia-nitrogen concentration rose. There was some leakage of 
soluble COD as well as biological solids X e in the effluent. The increased X e in 
general correlated with a decrease in the protozoan population. After each 
step increase in cyanide concentration, the system regained its high treatment 
efficiency. Cyanide concentration in the activated sludge was slightly less than 
1 mg/L and only traces were found in the effluent. Ancillary experiments 
indicated that the absence of cyanide in the cells and in the effluent was not 
due to stripping of the cyanide. Thus, even in a system such as an extended 
aeration process using total cell recycle, which fosters highly diversified 
populations and in which there was forced feeding of soluble cellular organic 
matter, cell hydrolysate, which may offer some protection against cyanides, 
small step changes in cyanide concentration caused noticeable (but certainly 
not irreparable) upsets. 

Two of the predominating bacterial species were isolated from the system 
and studied in pure culture (G. Brueggemann and E. T. Gaudy, unpublished 
results). They were identified as species of Bacillus and Klebsiella. Both were 
found to be resistant to the inhibitory effects of cyanide, even at concen¬ 
trations higher than that being fed to the extended aeration system, but 
neither was capable of metabolizing cyanide. Thus, it seems likely that in a 
treatment plant in which cyanide is present in low concentrations compared 
with the total feed COD, cyanide removal may be accomplished by a small 
proportion of the population, whereas the majority of the population may be 
selected for resistance to its inhibitory effects. The organisms metabolizing 
cyanide may be a very specialized group that could be lost from the popu¬ 
lation by dilute-out if cyanide is present only intermittently. 

When the system was receiving 20 mg/L of cyanide in the feed and 
discharging no cyanide in the effluent, and it was then slug-dosed with enough 
cyanide to give an instantaneous concentration of 50 mg/L in the aerator, the 
maximum cyanide concentration in the effluent was only 10 mg/L and the 
system recovered its cyanide removal efficiency in approximately 24 h. Also, 
recovery of COD removal efficiency was well under way within that time and 
there was some indication that recovery of nitrification had begun. The 
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microbial population showed considerable resilience; nonetheless, there is 
need for caution and exercise of close control of the rate of admission of such 
toxicants as cyanide to the treatment plant. Admission of fairly low concen¬ 
trations at steady rather than fluctuating concentrations would appear to be a 
needed precaution in extending the accommodation of the essentially hetero- 
trophic microbial populations in activated sludge processes to concurrent 
treatment of such metabolic inhibitors. 

Sodium Chloride The effect of changing concentrations of salts in the carriage 
water on biological treatment processes is of considerable significance, and 
the case of sodium chloride provides a good example of shock caused by an 
inorganic compound that is nontoxic at anything but high concentrations. 
Some industrial wastewater streams contain high salt concentrations, and 
their discharge to the sewer and entry to the treatment plant are matters of 
concern. 

A considerable amount of work has been done to investigate the effects 
of salt on biological treatment processes under both steady state and shock 
conditions, and much work has also been done to determine the effects of salt 
on various pure cultures. Individual species can be acclimated to high salt 
concentrations. However, a common organism such as E. coli loses its 
acclimation within a short time after resuspension in fresh water (Douderoff, 
1940). One must be careful to define the terms high and low. A concentration 
of 100 to 200 mg/L of sodium chloride is rather low, and a change to 35,000 to 
45,000 mg/L, which is a rather high concentration, can cause considerable 
environmental stress, manifested by leakage of internal cellular materials, loss 
of biomass, and increase in the concentration of soluble organic materials in 
the effluent of the bioreactor. However, a change from a low “fresh-water” 
concentration to a concentration of 10,000 mg/L, which is also a high concen¬ 
tration of sodium chloride, can stimulate growth. Growth of E. coli, for 
example, can be stimulated with sodium chloride concentrations up to 
10,000 mg/L. 

Some effects of changes in salt concentrations on aerobically growing 
heterogeneous populations are shown in Fig. 13-18. The once-through system 
had attained a fairly steady condition prior to the change in sodium chloride 
concentration. Soluble substrate, measured as COD (COD e ), was ap¬ 
proximately 100 mg/L higher than the soluble substrate measured as carbo¬ 
hydrate (anthrone test), but the treatment efficiency based on COD removal 
was greater than 90 percent. The biomass concentration X was measured as 
volatile suspended solids rather than total suspended solids. When the salt 
concentration in the feed was changed to 30,000 mg/L, the biomass concen¬ 
tration rose slightly and then decreased sharply as S e increased. The soluble 
COD rose much more sharply than did the carbohydrate concentration, 
indicating either the production of soluble metabolic products or leakage of 
cellular constituents in response to the shock. Within 2 days, the substrate 
removal efficiency was regained. The volatile solids concentration was ab- 
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Figure 13-18 Response of a heterogeneous biomass growing in a completely mixed once-through 
reactor to a shock loading of 30,000 mg/L of NaCl. S, = 1000 mg/L of glucose, D = 0,125 h '. 
(From Kincannon and Gaudy. 1968.) 


normally low, but by day 6 it had risen to 200 mg/L. This was still quite low in 
view of the fact that S, was 1000 mg/L of glucose. The lower cell yield in the 
presence of 30,000 mg/L of sodium chloride (or increased ratio of substrate 
respired to substrate channeled to cell synthesis) has been observed in other 
experiments as well. As the salt was diluted out of the system beginning on 
day 8, an interesting phenomenon occurred in regard to the biomass concen¬ 
tration. There was a short-lived threefold increase in X as the sodium 
chloride concentration passed through the 8000 to 10,000 mg/L level. Even¬ 
tually, the biomass returned to a steady state concentration which was slightly 
higher than it was before the shock. The same effect occurred in other studies in 
which the sodium chloride concentration was raised from the fresh-water level 
to 45,000 mg/L; that is, an increase in the cell yield was registered as the salt 
concentration reached 8000 to 10,000 mg/L. In the latter case, the increase in cell 
yield was registered when the salt concentration was increased as well as when it 
was decreased. 

The obvious question is: Would there be a sustained increase in X if the 
sodium chloride concentration were increased to only 8000 to 10,000 mg/L? 
The results shown in Fig. 13-19 provide some indication that indeed such a 
result could be expected. A significant increase in X (an increase in yield of 
approximately 75 percent) was sustained until the sodium chloride loading 
was decreased. Also, the purification efficiency with respect to COD f im- 
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Figure 13-19 Response of a heterogeneous biomass growing in a completely mixed once-through 
reactor to a shock loading of 8000 mg/L of NaCI. S, = 1000 mg/L of glucose, D = 0.125 h' 1 . (From 
Kincannon and Gaudy, 1968.) 

proved in response to this step increase in sodium chloride concentration. 
Thus, it would seem that shifts in the concentration of inorganic constituents 
can effect product changes in this industrial “fermentation” process as well as 
in the more studied commercial processes using known mixtures or cultures. 
Mild salt shock, while causing considerable biochemical change and a possible 
change in excess sludge production, is not particularly harmful to effluent 
quality and in fact may enhance the removal of soluble organic matter. 
However, severe shock can cause considerable transient deterioration in the 
effluent quality. 

Populations can be acclimated to rather high salt concentrations, but such 
populations may be more drastically affected by sudden exposure to fresh 
water (“slug shock”) than populations grown in fresh water are affected by 
slug doses of salt. This effect may be due to a narrower range of species 
diversity caused by selection from original fresh-water populations of species 
that can be acclimated to high salt concentrations. Regardless of the con¬ 
ditions before the shock (fresh or salt water), if the cells are abruptly 
presented with the opposite environmental extreme, the osmotic shock causes 
some cells to undergo lysis, and considerable amounts of soluble cellular 
components may be released into the medium. This is more characteristic of 
salt to fresh-water shock, i.e., placing the cells in a hypotonic solution. In this 
case, osmosis brings about an internal pressure that can rupture the mem¬ 
brane and permit the escape of internal components, or it can cause the cells 
to burst (plasmoptosis). The reverse shock causes the cell membrane to 
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collapse (plasmolysis); when cells are placed in hypertonic solutions, osmosis 
causes water to leave the cell. As exposure to the high concentration of salts 
persists, the protoplast may regain its size as the salt concentration inside the 
cell equalizes, unless the cell is impermeable to the particular salts involved. 
Cells are not impermeable to sodium chloride; thus, salt-water shock to cells 
grown in fresh water may not be as disruptive as fresh-water shock is to 
salt-grown populations. The magnitude of the change in salt concentration has 
a definite effect on the response, but the specific concentrations involved in 
the change seem to have an effect as well. For example, there is less severe 
disruption of cells when cells grown in a medium with high salt concentration 
(30,000 to 45,000 mg/L) are subjected to a rapid decrease in the sodium 
chloride levels when the final salt concentration is no lower than 10,000 mg/L 
than when it is decreased all the way to a fresh-water level. When cells 
acclimated to 5000 to 10,000 mg/L of sodium chloride are placed in fresh 
water, there is little evidence of cell lysis. 

The loss of soluble organic material from the cell in response to a change 
in salt concentration creates a complication previously noted in regard to 
qualitative shock loadings; it adds new types of exogenous substrates, and 
their metabolic utilization, as well as that of the original incoming carbon 
sources by the intact cells, may be delayed due to the action of control 
mechanisms at the level of either enzyme function or protein synthesis. 


SOME CLOSING REMARKS 

We must conclude that the foregoing is really only a beginning, since there is 
so much yet to be learned about response to environmental change. Most of 
the examples used here pertain to the performance of biological treatment 
plants that are in essence technological insertions into the decay leg of the 
carbon-oxygen cycle. However, some of the response patterns and trends are 
undoubtedly applicable to the natural reactors that the treatment plants are 
designed to protect. The methods of measurement and the indications of 
stress and recovery are somewhat different; e.g., dissolved oxygen is the 
major chemical parameter in the stream and there are different ecological 
indicators of response (usually higher forms of life than microorganisms are 
involved, e.g., fish), but the response patterns are not expected to be markedly 
different in receiving streams under mild shock than in treatment plants under 
more severe shock. There is a difference in the sociotechnological attitude, 
however. With the receiving stream, the sociotechnological policy has shifted 
away from assessing the stream’s capacity for loading and environmental 
shock and toward elimination of the need for the natural reactor to draw upon 
its assimilating capacity. Some of this attitude will of necessity prevail in 
regard to biological treatment plants but in attenuated form. The treatment 
plants are not run by nature; they are run by humans. This sounds very simple 
but, judging by the lack of attention to functional operation, one might 
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generate considerable debate on this particular subject. How much protection 
we need to give treatment plants so that they (the microbes and the humans 
responsible for operational success or failure) can protect the natural reactors 
is a vital question, and assessment of a biological treatment plant’s “assimila¬ 
tion capacity” under steady and unsteady environmental inputs is crucial to 
efforts to control water pollution. With these engineered reactors, there is no 
doubt that we must be concerned with their assimilation capacity, because 
whereas engineers, scientists, lawyers, politicians, and laypeople can debate 
the wisdom of not using the receiving stream’s assimilation capacity (e.g., zero 
discharge by 1983), there is no debate in regard to using the assimilation 
capacity of the treatment plant. Among essential needs are the following: 

1. To determine the assimilation capacity of treatment plants 

2. To determine whether the assimilation capacity can be increased by 
various changes in design and operation of the plant 

3. To determine whether the capacity can be bolstered during the time of 
shock at the treatment plant through the exercise of various operational 
procedures 

4. To determine how much must be done to a particular waste stream prior to 
arrival at the treatment plant, e.g., pretreatment and/or timed discharge 

5. To ascertain what monitoring schemes are needed in regard to items 3 and 
4 

6. To devise models with enough predictive power to apply to general 
analysis of the system 

These are among some of the more important needs or questions. Since 
now there are no really satisfactory models to predict transient response, 
there is indeed great need for more experimental work. Such results can be 
used in formulating models, and, of even more critical importance, such 
experimental results can be used to formulate more reliable technological 
guidelines and to serve as the basis for technological decision and policy 
making. 

In regard to item 1, the prevention of leakage of soluble substrate S e 
under various degrees of stress and the prevention of leakage of X e in the 
effluent may require different guidelines because the two types of leakage can 
be governed by different response mechanisms. They are also subject to 
different solutions. Prevention of a rise in S e in the mixed liquor or effluent is 
probably of more vital concern, since there is little one can do by way of 
add-on treatment to back up the plant. Leakage of X e may be relieved by a 
number of backup operations, e.g., temporary addition of flocculating chem¬ 
icals between the aerator and the settling tank, or filtration of the settling tank 
effluent. Leakage of X e is handled more readily by known engineering 
remedial measures than is leakage of S e . Polishing ponds may be used for 
reducing S e , depending on the location of the treatment plant. 

Most of the investigation ia regard to stress capacity will and probably 
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should concern S e . For one thing, it is obvious that the growth models used in 
analysis and design (see Chap. 6) deal with soluble substrate in the effluent 
( S e ). It is these models that should be tested under shock conditions. Separa¬ 
tion of cells is a more traditional engineering operation and is subject to the 
engineering expedients previously mentioned. The point is that cells do 
flocculate and settle, and we have come to expect this fortuitous situation as 
the normal or natural one rather than the somewhat abnormal one it is in 
almost every case except a very slowly growing system. Thus, most of the 
work on clarification has been done with the starting assumption that the 
mixed liquor from biological treatment processes, particularly activated 
sludges, will settle. What is really needed is work on why, how, and under 
what conditions the heterogeneous mass of organisms will come together in 
settleable floes. This biological-chemical-physical process is in need of much 
more research. Either we must learn more about it or learn not to depend on 
it! 

There is no guarantee that the best conditions for flocculation and settling 
are the best conditions for the removal of substrates. Fortunately, many 
experimental observations do tend to indicate that a slow growth rate (longer 
solids retention time in the system), which leads to more mature and stable 
populations, tends to foster flocculation as well as metabolic resistance to 
variations in environmental conditions. The use of slower growth rates, i.e., 
higher cell or sludge ages, appears to be a major, useful guideline in regard to 
item 2. In heterogeneous populations, operation at a slow growth rate, i.e., at 
a higher level of X in the aeration tank, may permit some cells to be sacrificed 
for the protection of others in the system during the period of environmental 
stress. One must not consider the extreme slow growth rate, i.e., fi n -*0, 
©c as the ultimate in protection against shock loads. This could lead to a 
conclusion that extended aeration plants are the best possible process and this 
is not necessarily the case, although they have been observed to withstand 
shock loads very well indeed. It may be possible to attain high solids 
concentration and slow growth rate “on demand.” That is, it may be possible 
to bolster shock capacity during periods of shock simply by increasing the cell 
concentration in the aerator through an increase in the concentration of the 
recycled sludge X R . This would require borrowing some sludge or having 
some in reserve at the plant, i.e., by restricting the amount of secondary 
sludge wasted or by using waste sludge from the sludge treatment facility. 
The Kraus process, which uses sludge from an anaerobic digester that is 
reconditioned by aeration, is a possible way to bolster the capacity to handle 
some types of shock. If aerobic sludge digestion is used, the use of this 
sludge, perhaps with some reconditioning or freshening, would be an even 
better procedure. Such operational measures are not generally utilized today, 
but on the other hand, we are dealing with future possibilities (and perhaps 
necessities) to make treatment plants deliver in fact the effluent quality they 
were “designed” to deliver. 

In the future, one must balance plant add-ons at either the front end or 
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rear end of the plant and bolstering operations at the plant against pretreatment 
and timed discharge requirements to hold variable environmental conditions 
within the limits of the capacity of the plant to accommodate changes. This is, 
of course, particularly apropos to publicly owned plants that receive privately 
produced waste in excess of the normal individual’s “sanitary” complement. 
The nature and concentration of the waste and the best operational conditions 
for its accommodation are important considerations for environmental 
engineering scientists in industry, regulatory agencies, and the consulting 
field, as is item 5. The contributors of waste will need to monitor and the 
regulatory agency will need to monitor for checking purposes the sewered 
amounts and kinds of waste not only from the standpoint of regulation and 
enforcement of the law but perhaps also as an informational input in the 
operation of the treatment system. Technologists may have “future shock” in 
contemplating such all-embracing technological controls on the total treat¬ 
ment system, but it may indeed be a small shock for them compared with the 
taxpayers’ shock if, after the expenditure of billions of dollars for treatment 
plants, the goals of the recently passed pollution laws are not attainable. After 
all, the mere purchase of the lawn mower does not guarantee that the grass 
will be cut. Furthermore, cutting the grass once does not keep the lawn 
mowed. Tremendous effort and vast sums will be expended in analysis and 
operational control after the treatment plants are installed. The business of 
making money in the pollution control area will shift from design and 
construction and equipment sales to the selling of expert services in systems 
analysis and operation. In many respects, this shift will be exciting and 
beneficial to the life-support system. The monies will be spent more for brains 
(manpower) than for horsepower (machines), and no area will be more 
important than the response of biological systems to changes in the environ¬ 
ment. 

PROBLEMS 


13-1 In an activated sludge process, a quantitative shock load can cause two types of upsets or 
malfunctions. It can lead to a biochemical malfunction in which the concentration of the soluble 
carbon source in the effluent increases; or it may cause an increase in the suspended solids 
concentration in the effluent; or it may cause both types of deterioration of effluent quality. To 
which type of malfunction would you expect the process to be more susceptible? Explain your 
answer. 

13-2 Make a list of available information indicating that the responses to shock loadings of 
various types are governed by the specific growth rate of the activated sludge when the shock 
loading is administered to the system. 

13-3 Assume you are the operating engineer at a treatment plant. A sugar refining plant that 
usually discharges a rather weak waste to the municipal sewer calls to tell you that, due to an 
undiscovered leak in one of its syrup vats, the effluent line from its plant going into the sewer has 
been discharging a concentration of 20,000 mg/L of sucrose for the past 5 h or so rather than the 
concentration of 150 mg/L you usually expect from this refining operation. The travel time in the 
sewer is approximately 6h. What further information would you try to obtain? Describe some 
emergency procedures you might put into effect. 
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13-4 Assume you are the managing engineer of a municipal wastewater treatment plant. Your 
effluent discharges into a river used for navigation, and there are industries upstream and 
downstream from your wastewater outfall. You keep fairly good records on the quality of your 
effluent. However, about a mile or two downstream from your outfall, the dissolved oxygen 
concentration in the river, which had been about 6 mg/L, has dropped in the past 2 days to 
1 mg/L. The state and federal regulatory agencies have informed you of this problem. Since you 
are a known source of possible pollution on the river in this vicinity, they have put you on notice 
that you might be subject to fine. Is there anything you could have been doing routinely to 
monitor the effect of your effluent on the receiving stream that you might use to prove that your 
effluent did not cause the decrease in dissolved oxygen concentration? 

13-5 How can a shock loading lead to a rising sludge or to a bulking sludge? Give causes and 
some possible cures for each. 

13-6 As a potential designer of wastewater treatment plants, describe some things you can do in 
the design stage to assist the operating engineer or scientist to handle various types of shock 
loadings. Why can one not blame the operating engineer entirely for malfunctions after the treatment 
plant is on stream? 

13-7 You are operating a treatment plant that receives an average of 10MGD of inflowing raw 
wastewater. It is an activated sludge treatment plant and it uses anaerobic digestion for sludge 
treatment. The variation in waste strength and flow is abnormally high; for example, during the 
period from midnight to 7:00 a.m., the flow rate falls to only 10 percent of the daytime flow, and 
the biochemical oxygen demand of the waste is extremely low. Describe various ways you might 
operate the plant to accommodate this tremendous variation in wastewater flow and wastewater 
strength. 

13-8 As a treatment plant operator, which types of shock would you fear most? Explain your answer. 
13-9 Discuss whether a biosorption process could best accommodate a quantitative shock load or 
a qualitative shock load; i.e., discuss the responses of such a system to each type of shock. Do 
the same for a process operating as a continuous oxidative assimilation system. 
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CHAPTER 

FOURTEEN 


PATHOGENIC MICROORGANISMS IN THE 
ENVIRONMENT 


The three elements of the life-support system—water, food, and air—are 
essential for human survival, but they are also potential vehicles for the 
spread of disease-causing microorganisms as well as toxic chemicals. One of 
the major concerns of the environmental technologist must be the protection 
of the public health by preventing contamination of the life-support system 
with harmful organisms and materials. Most of the preceding chapters have 
been concerned with the role of microorganisms in the prevention of pollution 
through their activities in both the natural and engineered processes that are 
necessary for the degradation of waste organic material and the recycling of 
carbon and other elements. We have stated many times the need for greater 
understanding of the biochemistry and physiology of microorganisms and 
their interrelationships in heterogeneous populations on the part of the 
environmental engineer or scientist who seeks to control and optimize these 
microbial processes. In this final chapter, we will discuss another very 
important area of pollution control technology in which an understanding of 
microorganisms and their life processes is essential. In this case, knowledge is 
essential for devising and applying techniques for the detection and destruc¬ 
tion of undesirable microorganisms in the environment. These include species 
that are pathogenic for humans and also those that can destroy the food 
supply—spoilage organisms and pathogens that attack plants and animals 
used for food. 

We shall limit this discussion to the problems encountered in providing a 
safe water supply and in disposing of human wastes in a manner that does not 
constitute a threat to public health. It is in this area of disease prevention that 
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a need for technological control and improvement in technology exists. 
Infectious diseases are spread by three major routes: (1) ingestion of water or 
food containing pathogenic microorganisms; (2) inhalation of pathogens; and 
(3) transmission by animal vectors, usually insects. Except in certain cases, 
which will be discussed later, there is little the environmental technologist can 
do to prevent respiratory spread of disease, since this occurs usually through 
very localized contamination of the air by sneezing or coughing. The methods 
for the elimination of vector-spread diseases are obvious, although not always 
easily accomplished—one must eliminate the vector. The virtual elimination 
of both malaria (a protozoan infection) and yellow fever (a viral infection) 
from the United States and many other parts of the world was accomplished 
by a massive campaign to eradicate mosquitoes, the insect vector for both 
diseases. A vaccine for yellow fever was developed later and has aided in its 
control, but the control of malaria still depends on control of the vector. Some 
of the methods used for control may create additional problems for the 
environmental scientist, since pesticides used for insect control may have 
undesirable side effects such as toxicity to humans or other animals. This is 
another instance in which society must make a painful decision between two 
unattractive alternatives if other effective means of controlling vectors 
without harm to the environment cannot be found. 

The remaining mode of disease transmission, i.e, ingestion of food or 
water that contains pathogens, is the major concern of environmental tech¬ 
nologists. The two sources of infection—food and water—are related, since 
water is used in growing and processing most foods and often can be the 
source of food contamination. Many of the problems of detecting micro¬ 
organisms in food and water are similar, and similar methods may often be 
used. Destruction of undesirable microorganisms is more simple in most food 
products than in water and wastewater, however, since heat sterilization can 
be used for most products of the food industry. Strict attention to sanitary 
regulations can prevent the spread of disease through food preparation and 
handling in restaurants and other small-scale food preparation units, although 
frequent occurrence of localized outbreaks of foodborne infection demon¬ 
strates that these regulations are not always observed. Occasional slipups in 
industrial food processing and safety monitoring also occur, but on the whole 
the food supply in developed countries is remarkably free from the disease 
hazards that confront the traveler or native in some parts of the world. The 
common use of the water resource as the repository for human waste 
demands that special attention be focused on the potential danger to public 
health that results from this practice and the need for improved monitoring 
techniques and strict enforcement of sanitary regulations for water used for 
drinking, food preparation, or recreation. The use of a common water supply 
by very large numbers of people, in contrast to the relatively smaller number 
likely to be exposed to a source of contaminated food, means that water 
presents the greatest potential for the spread of disease to the greatest 
number of people. 
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WATERBORNE DISEASES 

The diseases that commonly result from the contamination of water with 
human wastes are those caused by the enteric microorganisms, i.e., organisms 
that multiply in the intestine and are excreted in the feces. These include 
bacteria, viruses, and protozoa (see Table 14-1). 

In Chap. 8 we described some of the microorganisms involved in the great 
epidemics that ravaged Europe for centuries and were brought to America by 
the colonists. A brief and interesting account of the conquest of the major 
infectious diseases in this country was written on the occasion of the 
bicentennial (Wishnow and Steinfeld, 1976). The history of the conquest of 
the waterborne diseases here and in Europe parallels the history of the two 
sciences with which this text has been concerned—microbiology and 
environmental (sanitary) engineering. Even before the development of the 
germ theory of disease, epidemiological investigations by the physician John 
Snow in the early 1850s in London showed that cholera was spread by water 
contaminated with sewage. The incident of the Broad Street pump is well 
known. Snow correlated the incidence of cholera with the use of a pump that 


Table 14-1 Enteric pathogens 



Disease 

BACTERIA 

Vibrio cholerae 

Cholera 

Salmonella typhi 

Typhoid fever 

Other Salmonella 

Various enteric fevers (often called paratyphoid), gastroen- 

species 

teritis, septicemia (generalized infections in which organisms 
multiply in the bloodstream) 

Shigella dysenteriae 

Bacterial dysentery 

and other species 

VIRUSES 

Poliovirus 

Poliomyelitis 

Coxsackievirus 

Various, including severe respiratory disease, fevers, rashes. 

(some strains) 

paralysis, aseptic meningitis, myocarditis 

Echovirus 

Various, similar to coxsackievirus 

Reovirus 

Various, some similar to coxsackievirus (evidence is not 
definitive except in experimental animals) 

Adenovirus 

Respiratory and gastrointestinal infections 

Hepatitis 

Infectious hepatitis (liver malfunction), also may affect kidneys 
and spleen 

PROTOZOA 

Giardia lamblia 

Diarrhea (intestinal parasite) 

Entamoeba histolytica 

Amoebic dysentery, infections of other organs 

Isospora belli 1 

Isospora hominis j 

Intestinal parasites, gastrointestinal infection 

Balantidium coli 

Dysentery, intestinal ulcers 
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supplied water contaminated with sewage, and he convinced the authorities 
that the pump handle should be removed. In a more far-reaching study, Snow 
showed that in a large area of London in which water was supplied by two 
different companies, only the customers of one of the companies had a high 
incidence of cholera. The offending water was drawn from the Thames near 
the center of London and thus was contaminated with sewage. The water 
supply of the other company was also drawn from the Thames, but at a point 
upstream from the city. This study involved approximately 300,000 people, 
with the customers of each company being well matched in income, living 
conditions, residence area, and all other possible variables. This study pro¬ 
vided convincing evidence of the danger of drinking polluted water. 

The great microbiologist Robert Koch was involved in a somewhat similar 
study in the 1890s in Germany. Two adjacent cities, Hamburg and Altona, 
drew their water supplies from the Elbe River, Hamburg from a point 
upstream from the cities and Altona from a point at which the river was 
thoroughly polluted. A severe cholera epidemic broke out—not in Altona, as 
one would anticipate from Snow’s work in London, but in Hamburg. Koch 
correctly attributed the low incidence of cholera in Altona to the fact that the 
obviously polluted water supply was filtered before use, whereas Hamburg 
used untreated water and suffered a high incidence of cholera. Cholera 
epidemics were frequent and severe in the United States before measures 
were taken to prevent the contamination of drinking water by sewage. In 
1832, 20 percent of the population of New Orleans died of cholera. In the 
epidemic of 1849, 8000 persons died in New York and 5000 in New Orleans. 
Development of a vaccine and institution of water and wastewater treatment 
have essentially eliminated cholera from the developed countries in the 
present century. 

Typhoid fever and other enteric diseases caused by species of Sal¬ 
monella occurred frequently in epidemic form in the eighteenth and 
nineteenth centuries in this country as well as elsewhere in the world. As late 
as 1909, there were estimated to be 500,000 cases of typhoid fever each year 
in the United States, resulting in more than 40,000 deaths. Dramatic decreases 
in the incidence of urban typhoid fever were achieved, however, when 
filtration of the water supply was introduced early in this century followed by 
chlorination a few years later. Each process accounted for approximately a 90 
percent decrease in the incidence of the disease. Pasteurization of milk, which 
removed the danger of typhoid fever (as well as tuberculosis), and the 
isolation of Salmonella typhi and development of a vaccine completed the 
arsenal of weapons against the disease, which now occurs very rarely in the 
United States. 

None of the enteric viral diseases has ever reached the lethal levels of the 
great bacterial epidemics or of other viruses such as smallpox. Perhaps the 
most likely enteric virus to cause epidemics of severe proportions is the 
infectious hepatitis virus. In New Delhi, India, in 1955, an epidemic occurred 
when one of the city’s two water treatment plants produced inadequately 
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chlorinated water. It has been estimated that 1 million people were infected. 
Several outbreaks of infectious hepatitis in this country in recent years have 
been traced to seafood (clams and oysters) harvested from coastal areas 
contaminated with sewage. 

Poliomyelitis actually owes its reputation as a feared disease of epidemic 
proportions to the advent of sanitation. Polio epidemics are unknown in 
underdeveloped countries and did not occur in the developed countries until 
the late nineteenth century. The first widespread epidemic in this country 
occurred in 1916. The disease is usually quite mild in young children. In 
underdeveloped countries, where ample opportunity for infection exists due 
to poor hygiene and lack of sanitation, children have the disease in a mild or 
symptomless form and become immune before reaching the age when the 
effects of infection may be much more severe. Even in the older age group, 
which is more likely to develop a crippling or lethal form of the disease, only 
about 1 percent of all infections cause severe symptoms. Polio virus, like the 
other enteric viruses listed in Table 14-1, is spread by the respiratory route as 
well as by fecal contamination of water or food. During the acute phase of the 
infection, respiratory transmission is the dominant mode, but the virus con¬ 
tinues to be shed in the feces for some weeks after the respiratory tract is free 
of virus. Immunization has achieved a decrease in the number of reported 
cases of polio in this country from 20,000 in 1955 to 100 in 1965. 

Poliovirus, echovirus, and coxsackievirus (see Table 14-1) are classified as 
enteroviruses, whereas reoviruses and adenoviruses belong to quite different 
groups. All multiply in the intestine and are readily detected in the feces. All 
or some of each group also cause respiratory infections and can be spread in 
that manner. All are commonly found in many healthy individuals, but there is 
good evidence for all except reoviruses that they cause a variety of types of 
infections. The basis of this variation in effect from an apparently symptom¬ 
less infection to the rather severe symptoms in some individuals, or perhaps 
in the same individual at different times, is not understood. 

The fact that the major infectious diseases, i.e., those that caused major 
epidemics with high mortality, have been essentially eliminated in this country 
and in many others can be attributed to a combined effort of medical 
personnel, microbiologists, and engineers. The isolation of the pathogens, 
development of vaccines, massive immunization campaigns, regulations 
regarding standards of purity for drinking water, development and practice of 
water and waste treatment technology, and education of the public in the 
areas of hygiene and public health have all contributed to the present state of 
virtual freedom from the threat of the epidemics that were so dreaded a 
century ago. To some, this absence of disease may indicate that it is no longer 
necessary to exercise the same strict precautions against the spread of 
infectious disease that were necessary while there were still frequent out¬ 
breaks of infection. Indeed, we have heard two public health officials publicly 
express this opinion, much to our consternation. Only one of the great killers 
of mankind has been truly eradicated. Smallpox, it is believed, has been 
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completely eliminated from all parts of the world. This was possible because 
smallpox has no reservoir host, i.e., no host other than humans, and does not 
exist in a carrier state. Immunization is completely effective. However, other 
pathogens do not share these characteristics. Typhoid fever and cholera are 
still common in other parts of the world, and both can be carried by 
apparently healthy individuals who continually shed the organims in the feces. 
The case of Typhoid Mary, a carrier who infected many people while working 
as a cook, is well known. Travelers to and from countries where enteric 
diseases are endemic may reintroduce the pathogens to areas that have been 
free of them. Enteric fevers other than typhoid and attacks of gastroenteritis 
caused by bacterial or viral infection are not uncommon in this country. The 
fact that most of the viruses listed in Table 14-1 can exist in a symptomless 
state in humans, especially children, means that there is a vast reservoir of 
these viruses that can cause disease in susceptible persons. These viruses are 
excreted in large numbers. The continued increase in population in relation to 
the fixed size of our water resource means that each year a greater proportion of 
the water used for drinking has been used previously for waste disposal. Greater, 
not less, care is needed to ensure that this water is free of pathogens. 


PROBLEMS OF WATER REUSE 

The effect of Pub. L. 92-500 on waste disposal practice has been discussed a 
number of times in earlier chapters. If this law succeeds in its purpose of 
achieving secondary treatment for all municipal wastes discharged to receiv¬ 
ing streams, one may ask how much improvement in the microbiological 
quality of the receiving stream may be expected. One may also question 
whether some of the innovations being suggested for the disposal of effluent 
and sludge should be forbidden as being hazardous to health. When we 
consider the problem of enteric pathogens and public health, we need to ask 
these questions: 

1. How many and what kinds of enteric pathogens survive secondary treat¬ 
ment? 

2. Is water that receives effluent from sewage treatment plants safe for 
recreational use? 

3. Is land disposal of secondary effluent and/or sludge a safe practice? 

4. What types of pathogens are able to survive in the environment after 
discharge to water or land? Under what conditions and for what lengths of 
time do they survive? 

5. Are assay methods in present use sufficiently sensitive and reliable to allow 
us to determine what disposal practices are safe? 


We believe that not all of these questions can be answered with 
confidence at the present time. The ability to answer the first four questions 
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hinges on an affirmative answer to the fifth question, and much recent 
research indicates that better assay methods are needed. We shall review 
briefly some of the information that relates to these questions. 


Effectiveness of Sewage Treatment in Eliminating Pathogenic 
Microorganisms 

All the data available in the literature indicate that pathogenic micro¬ 
organisms, particularly viruses, pass through the sewage treatment process in 
large numbers. Studies of this type have been done in two ways: (1) 
pathogens have been assayed in the raw waste and in the treatment plant 
effluent; and (2) a known concentration of a tracer organism, e.g., the vaccine 
strain of poliovirus, has been added to sewage and its recovery in the effluent 
has been assayed. Studies of the first type have generally been done in field 
installations, whereas laboratory pilot plant studies have more often utilized 
the seeding technique. Because of problems inherent in the methods used for 
assay, which will be discussed later, the absolute concentrations of pathogens 
reported may be subject to some doubt. Greater credence may be placed in 
studies in which the same assay methods were applied to influent and effluent 
samples in determinations of the percentage reduction in concentration. It 
should be remembered, however, that factors present in the influent and 
effluent wastes may affect the assay differently, so that even the data based on 
“before and after” assays may not be completely reliable. It is not possible to 
determine from some reports in the literature whether the influent virus 
concentration was actually determined by sampling after addition of the virus 
or whether it was simply calculated from the known amount added and the 
dilution factor. In the latter case, the data might be subject to considerable 
doubt. 

Concentrations of pathogenic microorganisms in raw sewage are difficult 
to determine, and reported concentrations, especially those for viruses, prob¬ 
ably underestimate the actual concentrations present at the time the sample 
was taken. Sampling itself presents a problem, since samples either must be 
taken frequently to allow for variation in flow or must be composited. Many 
studies report data as a percentage of positive samples, based on a series of 
samples, rather than as estimated concentrations. 

Concentrations of pathogens in sewage vary seasonally and with the 
incidence of infection in the population. McCoy (1971) reported a mean 
concentration of 38 salmonellae per 100 ml of raw sewage. During an 
outbreak of salmonellosis in the population, assays of treated effluent showed 
that the concentration of salmonellae was greater than 100 per 100 ml. 
Reported concentrations of enteric viruses in raw sewage vary from less than 
1000 to approximately 10,000 per 100 ml, possibly reflecting differences in the 
incidence of infection at the times different studies were made. 

Except during epidemiological studies, assays for specific pathogens are 
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seldom made. It has been customary for many years to base criteria for water 
quality on assays for the presence of coliforms, i.e., Escherichia coli and 
related organisms. A refinement of this method differentiates between total 
coliforms and fecal coliforms. The coliforms are used as indicator organisms, 
i.e., as evidence of fecal pollution of water. The rationale behind this 
procedure is that E. coli is always present in sewage in high concentrations, 
approximately 10 6 per milliliter, whereas pathogens are present in variable 
numbers and, except during periods of infectious disease in the population, in 
much lower numbers. Thus, there is a greater probability that E. coli will be 
present in water contaminated with raw sewage or with inadequately treated 
sewage at any time than that pathogenic organisms will be detected. It is 
assumed that if E. coli is present, other enteric organisms are also possibly 
present. Efforts to establish predictable ratios of fecal coliforms to vari¬ 
ous enteric pathogens have shown that ratios are too variable to estimate 
the concentrations of pathogens based on the concentrations of fecal coli¬ 
forms. 

Methods of assaying for enteric viruses were not available until fairly 
recently, so it was necessary to rely on coliform assays as indicators of the 
possible presence of enteric viruses. Studies of the relative numbers of 
enteric bacteria and viruses inactivated or removed by various treatment 
processes indicate that the absence of coliforms cannot be taken as evidence 
that enteric viruses are also absent. The coliform assay should be more 
reliable as an indicator of bacterial than viral contamination, since factors that 
tend to decrease the viability of coliforms should be more likely to have a 
similar effect on other bacteria than on viruses, which differ from bacteria in 
so many ways. 

Until methods of assaying for enteric viruses became available, there was 
little concern that pathogens might survive “complete” treatment of sewage, 
i.e., secondary treatment followed by chlorination of the effluent. Several 
developments during the past decade have shaken this complacency and 
brought about an increased interest in determining the fate of enteric 
organisms during treatment and after discharge. First, as we shall discuss later, 
chlorination of effluent has been shown to produce potentially harmful by¬ 
products. Second, the development of improved assay methods for viruses 
has produced the finding that chlorination sufficient to inactivate pathogenic 
bacteria is inefficient in inactivating viruses. These methods have also shown, 
in a number of studies, that viruses are not inactivated by the treatment 
process itself (Kollins, 1966; Malina and Sagik, 1974). Essentially no removal 
of enteric viruses is accomplished by primary treatment. Approximately 30 to 
40 percent of the influent viruses may be removed by trickling filtration. 
Activated sludge processes, either conventional or contact stabilization, are 
more efficient in removing viruses, ranging from 80 percent removal in field 
studies to more than 99 percent in laboratory pilot plants. However, the 
mechanism of removal appears to be adsorption by the floe, and the adsorbed 
viruses retain much of their infectivity although some degradation has been 
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reported. If these data are correct, we can conclude that the requirement of 
Pub. L. 92-500 for secondary treatment will reduce the number of enteric 
viruses in effluent discharged to receiving waters, particularly if the activated 
sludge process is used. However, removal of even 99 percent of the enteric 
viruses by passage through a secondary treatment plant does not decrease the 
virus concentration sufficiently to render the effluent safe for certain uses 
such as recreation, unless the dilution factor upon discharge is very large. It 
should also be remembered that viruses may be concentrated by potential 
food organisms such as oysters. 

One should always consider the maximum possible viral concentration in 
calculating safe reduction levels and then assume that the maximum reported 
levels may underestimate actual concentrations because of the failure of 
assay methods to detect all types of enteric viruses or other errors such as 
sampling. If the concentration of enteric viruses in sewage was 10,000 per 
100 ml, a 99 percent reduction would leave 100 per 100 ml or 1 virus per 
milliliter. A 1/100 dilution in the receiving stream would lower the concen¬ 
tration to 1 virus per 100 ml. This level would be undesirable in water used 
for swimming, for example, since 100 ml is not an unreasonable amount to 
expect a swimmer to ingest and one active virus can initiate infection. 
Therefore, because of the presence of both bacteria and viruses of enteric 
origin in treatment plant effluent, some method of removal or disinfection is 
required. The problem of disposal of the 99 percent of the viruses concen¬ 
trated in the sludge also remains. Sludge disposal at best is a problem, and 
disposal of a sludge containing a high concentration of pathogenic viruses is a 
greater problem. Drainage from sludge-drying beds has ben shown to contain 
active virus (Kollins, 1966), and contamination of surface or groundwater may 
occur. 

Disposal of both liquid effluent and excess sludge on land has been 
proposed as a means of conserving both water and nutrients and decreasing 
stream pollution. However, this practice should be adopted only with extreme 
caution unless prior treatment to inactivate viruses is included. Treatment of 
effluent with sufficient lime to raise the pH above 11 achieves good in¬ 
activation of viruses, but at least some neutralization probably is required 
before the treated effluent could be discharged on land or into a receiving 
body. Activated charcoal may also achieve good removal, but virus can be 
eluted and the treatment is very expensive. The problem of safe disposal of 
sludge that contains viruses may constitute another argument in favor of the 
extended aeration process, although the possibility of increased virus con¬ 
centrations in the effluent should be investigated. The hydrolytic assist would 
destroy viruses in the portion of sludge hydrolyzed. Heat treatment of waste 
sludge for disposal should also be effective since most viruses are rather 
sensitive to elevated temperatures. It has been reported that anaerobically 
digested sludge inactivates several enteric viruses and that the active agent is 
ammonia. A pH of 8 or higher is required for inactivation, and reovirus is 
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much less sensitive to ammonia than is poliovirus, echovirus, or cox¬ 
sackievirus (Ward and Ashley, 1977). 

Survival of Pathogens in the Environment' 

Many studies have shown that enteric viruses remain active for long periods 
of time in water or sewage. Kollins (1966) has summarized the results of 
several laboratory studies in which it was found that survival time was longer 
in distilled water or in autoclaved river water than in sewage or raw river 
water and that survival was enhanced by lower temperatures. Several studies 
have shown viruses to survive for 9 to 10 months in water at 8°C. Survival 
times for enteric bacteria and enteric viruses stored in sewage were similar. 

In studies of survival under natural conditions, viruses have been detec¬ 
ted at considerable distances from the point of discharge of waste. Metcalf et 
al. (1974) determined the fate of enteric viruses that enter the Houston ship 
channel in the effluent from two Houston treatment plants. Both plants 
discharged large numbers of enteric viruses, although the effluent of one plant 
was chlorinated. Virus concentrations decreased with distance from the 
outfalls, and laboratory studies showed that ship channel water inactivated 
the virus during storage. The factor responsible for inactivation was not 
determined, but several factors such as salinity, heavy metals, and other 
microorganisms were eliminated as possible inactivating agents. Despite the 
inactivation by the water in the channel, significant virus concentrations were 
found 8 mi downstream and poliovirus was recovered from oysters ap¬ 
proximately 21 mi away in Galveston Bay. It is important to note that 
coliform analysis of the water overlying the oyster bed showed negative 
results. Viruses were also concentrated in the bottom sediment in the ship 
channel. 

Schaub et al. (1974) have studied the adsorption of viruses to naturally 
occurring particulates and to clay in river, reservoir, and estuarine waters. 
Adsorption was affected by the cationic content of the water and other 
factors. These authors showed that adsorbed virus retained its virulence and 
warned that removal of viruses from water must not be equated with their 
inactivation. Elution of virus can occur if conditions in the water change. 

These results and those of a number of other studies are pertinent to 
proposals for the use of treated effluent for irrigation or groundwater 
recharge. In general, these studies have shown that viruses are readily 
adsorbed by certain types of soil, e.g., sandy loam, but can be eluted by pure 
(rain) water. 

Considerations other than the efficiency of adsorption and retention of 
viruses are important in assessing the desirability of land disposal of treated 
sewage. A number of factors may militate against the choice of this method of 
disposal, but we shall consider only those most critical from the public health 
standpoint. If the effluent is applied to the soil as a spray (spray irrigation), as 
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is frequently the case, the site must be chosen so that humans are not exposed 
to the aerosol generated in the process. A number of factors have been found 
to influence the survival of pathogenic bacteria and viruses in such aerosols 
and the distance traveled by infectious particles. Sorber et al. (1974) con¬ 
cluded that the cost of filtration and disinfection of effluent to inactivate 
viruses prior to spraying would be lower than the cost of the land needed to 
provide a buffer zone that would be adequate under most conditions. We 
believe that spraying untreated sewage or treated effluent that is not subjected 
to further treatment for the removal of pathogens should never be allowed. 

Where effluent is used for irrigation of crops, additional problems exist. It 
is incredible that Americans, who are well aware of the dangers of eating raw 
vegetables in countries where human excreta are used as fertilizer, would 
tolerate suggestions that sewage, even after treatment, be used for the 
irrigation of food crops. This is probably a result of unjustified confidence in 
their sewage treatment facilities. Only after the most stringent disinfection 
and monitoring should such a process be allowed. A number of studies have 
shown that both enteric bacteria and viruses remain viable for periods of 
longer than 1 month on vegetables exposed to spray irrigation. Protozoan 
cysts can survive indefinitely under these conditions. Irrigation by flow 
through furrows involves less exposure of crops to pathogens, but con¬ 
tamination by splashing or by windborne particles is a virtual certainty. For 
adequate protection of the health of humans and animals, water containing 
pathogenic microorganisms should not be used to irrigate crops or pastures, 
and it should not be applied to land from which it may run off and con¬ 
taminate surface water supplies or sprayed in an area where humans or animals 
may be exposed to the aerosol or to vegetation to which the contaminated 
water has been applied. Similar precautions regarding the use of excess sludge 
as fertilizer should be observed. Infective viruses have been recovered from 
caked sludge that had been exposed to hot sun for 13 days on a drying bed 
(Wellings et al. 1976). 

Many environmental technologists are now aware of the presence of large 
numbers of viruses pathogenic to humans in raw sewage and of the fact that a 
coliform-free effluent does not indicate that the effluent is free of enteric 
viruses. These facts must be considered in deciding on the degree and type of 
postsecondary treatment required for both liquid effluents and waste sludge 
before disposal. Much work is needed to develop effective and economical 
methods for inactivating viruses in effluent that will be discharged to waters 
used for recreation, waters from which seafood is harvested, or waters used 
for irrigation, especially for spray irrigation. In order to determine whether 
methods of treatment and disposal are hazardous to health, reliable methods 
of assay must be available and adequate monitoring programs established. 

Bacteriological Assay of Water Quality 

As stated previously, since 1880 the criterion for determination of the micro¬ 
biological quality of water used for drinking has been its coliform content. 
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The first U.S. Public Health Service Standards for Drinking Water, 
established in 1914, were based on the coliform assay. Both the standards and 
the methods of assay have been improved since 1914, but the premise on 
which the standards were based is still valid. This premise is: Since the 
greatest potential source of pathogenic microorganisms in water is human 
waste, and since each person excretes approximately 2x 10 11 coliforms per 
day, the most reliable indicator of fecal pollution of water is- the presence of 
coliforms. Standards for drinking water safety as well as those for water used 
for other purposes such as food preparation or recreation can logically be 
based on a maximum allowable limit of coliforms. While regulations govern¬ 
ing water purity for various uses of the water resource vary from state to 
state, the U.S. PHS drinking water standards have been adopted as the 
minimum standards for public water supplies in all states and were in¬ 
corporated in the standards set by the Environmental Protection Agency in 
1975. Regulations specify the method and frequency of sampling, the methods 
of analysis, and the maximum allowable coliform content. The procedures to 
be followed are described in detail in Standard Methods for the Examination 
of Water and Wastewater (APHA, 1975). 

The choice of coliforms as the criterion for the microbiological purity of 
water may seem questionable, since the coliforms excreted by healthy in¬ 
dividuals are largely nonpathogenic and it is the presence of pathogens in 
water that is the real concern. Coliforms, as defined for the purpose of water 
analysis, include all aerobic and facultatively anaerobic, Gram-negative, non¬ 
spore-forming rods that ferment lactose and produce gas within 48 h at 35°C. 
It will be recalled from Chap. 8 that the facultatively anaerobic, Gram¬ 
negative, non-spore-forming rods include members of two families, the 
Enterobacteriaceae and the Vibrionaceae, and several unclassified genera. 
(Since aerobic organisms that are not facultative anaerobes do not ferment, it 
is really incorrect to include the term aerobic in the description. All facul¬ 
tative anaerobes can grow aerobically.) The human enteric pathogens in¬ 
cluded in the two families are all the species of the genera Salmonella and 
Shigella, some strains of Escherichia coli, and some species of Vibrio, notably 
V. cholerae. Others are soil and water organisms, plant pathogens, or human 
or animal pathogens (e.g., Klebsiella ) spread by other routes. The criterion 
that an organism of the coliform group must be able to form gas in the 
fermentation of lactose within 48 h eliminates all species of Shigella except 
one, and also eliminates some species of Salmonella including the most 
pathogenic, S. typhi, which causes typhoid fever. On the other hand, the 
definition includes Enterobacter, a nonpathogenic organism commonly found 
in water and soil as well as in the human and animal intestine, and some 
strains of Klebsiella, a respiratory pathogen, also found in the intestine. The 
coliform group thus includes a few human pathogens, but excludes others, 
while including nonpathogens. It includes organisms of intestinal origin and 
others that are not intestinal inhabitants. 

In actuality, the assay for total coliforms is designed to detect the 
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presence of E. coli, which constitutes by far the greatest proportion of the 
normal intestinal flora of humans and other warm-blooded animals except for 
the strict anaerobes that cannot survive exposure to air. The detection of 
enteric pathogens is not the objective of the assay. While an individual 
suffering from an enteric infection might excrete higher numbers of the 
pathogen than of E. coli, the predominant fecal coliform in sewage is always 
E. coli. Routine testing of the sanitary quality of water must be designed to 
detect a potential, not an actual, health hazard. The testing of water for the 
presence of coliforms is not an instantaneous process; the most rapid standard 
method requires 24 h*. Monitoring the water supply for pathogens would be 
effective in detecting their presence in the water system only after the users of 
the water supply had been exposed to enteric pathogens for several hours. Since 
E. coli is present in human feces in constant high numbers, it is an effective 
indicator of impure water. Where E. coli is present, enteric pathogens would also 
be present if persons (or animals) excreting them were contributing waste to the 
water in question. Constant monitoring of a water supply, using methods 
designed primarily to detect the presence of E. coli, can thus warn of potential 
danger due to ineffective treatment of a water supply or contamination of the 
distribution system, or can detect a dangerous level of pollution by human 
wastes of waters used for recreation. Such monitoring is designed for preven¬ 
tion, not detection, of an epidemic of enteric disease. 

To achieve the objective of detecting an unsafe level of fecal pollution of 
water, tests must be devised for detecting coliforms in water that contains 
bacteria of other types, which are possibly present in greater numbers. We 
have discussed the enrichment culture technique in which a medium and 
cultural conditions are designed to favor the multiplication of organisms with 
certain characteristics while discouraging the growth of others. Un¬ 
fortunately, there are no truly selective methods for cultivation of the 
coliforms. The methods used depend on limited or partial selectivity coupled 
with further methods of identification. The methods may be further refined by 
imposing conditions of temperature that are selective for coliforms of fecal 
origin, i.e., for E. coli. 

The multiple-tube test for total coliforms Figure 14-1 summarizes the standard 
procedure for assay of water purity. This is the multiple-tube fermentation 
technique, the results of which are expressed as the most probable number 
(MPN) of coliforms per 100 ml of sample. The completed test involves three 
steps and is designed to determine whether the organisms present are actually 
coliforms. The first portion of the test is the presumptive test, which detects 
the presence of organisms that are possibly coliforms and therefore must be 
presumed to be coliforms if not proven otherwise by further testing. In this 


*More rapid methods have been developed and others are under study (see National Research 
Council, 1977). 
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Completed Test 



Figure 14-1 Procedure for the completed test for coliforms in water. (From Standard Methods for 
the Examination of Water and Wastewater, 14th ed.) 


first step, samples of water are inoculated into broth containing lactose. The 
volumes to be tested and the numbers of replicates to be used vary for water 
from different sources. For drinking water, each sample is tested by inoculat¬ 
ing five 10-ml portions or five 100-ml portions of water into lactose broth or 
lauryltryptose broth (which also contains lactose as the energy source). Both 
are complex media that contain partially hydrolyzed protein. The presence of 
the detergent sodium laurylsulfate in lauryltryptose broth improves the 
selectivity of the medium for coliforms and decreases the probability of false 
positive results due to the presence of other lactose-fermenting organisms. 

The replicate tubes are incubated at 35 ± 0.5°C and examined at 24 ± 2 h 
for the formation of gas. If gas is not present, incubation is continued. A 
second examination for gas formation is made after a total incubation time of 















678 PATHOGENIC MICROORGANISMS IN THE ENVIRONMENT 


48 ± 3 h. If no gas is produced, coliforms are considered to be absent. The 
criterion of gas production, rather than growth or acid production, as evi¬ 
dence of the presence of coliforms is based on the fermentation pattern of E. 
coli and other coliforms, which results in the production of hydrogen gas (see 
Chap. 11). Other organisms may be able to grow in the medium or even 
ferment lactose but may produce only acid rather than both acid and gas. 

The multiple-tube method allows one to estimate the density of presumed 
coliforms in the sample with an accuracy that increases, as do all statistical 
estimates, with the number of replicates examined. Results are expressed as 
MPN units per 100 ml, where MPN means the most probable number and 
reflects the statistical basis of the estimate. Only a series of replicates in 
which some tubes have positive results and some negative results should be 
used to estimate numbers, since if all tubes are positive, one cannot know 
whether the initial number of cells placed in each tube was small or very 
large. The statistical estimate of the average number of coliforms per tube is 
based on the Poisson distribution 


where P(X) is the probability of X, m is the mean, and X! is defined as 1 
when X = 0. In a dilution end-point assay, such as the multiple-tube assay for 
coliforms, the average number of cells per tube can be calculated from the 
probability (frequency) of 0 cells per tube, i.e., from the frequency of negative 
tubes in a series of replicates giving both positive and negative results. In this 
case, 

P(0) = <T m 

and m, the average number of coliforms per volume of sample used, is the 
natural logarithm of the fraction of negative tubes, P(0).* Tables are available 
for the determination of MPN, and they also give the 95 percent confidence 
limits for the determination. 

The absence of gas in all five tubes inoculated with 10-ml portions of a 
water sample indicates an MPN of less than 2.2 coliforms per 100 ml. This is 
accepted as evidence of satisfactory water quality, i.e., water that meets the 
standards for drinking water. If gas is detected in one or more tubes, those 


*Example: Five replicate tubes were used in the test, with 10 m! of water added to each 
tube. Four tubes showed positive results; i.e., four tubes produced gas. The negative fraction is 
0.2 (1 tube/5 tubes). 

P(0) = 0.2 = e~ m 
-m = In 0.2 = - 1.6 

m = 1.6 = average number coliforms in 10 ml 
MPN = 16 = most probable number of coliforms in 100 ml 
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tubes must be subjected to further testing to confirm the presence of coli- 
forms. 

The confirmed test utilizes a medium that is more selective for intestinal 
coliforms than is the medium used in the presumptive test. Brilliant-green bile 
broth contains peptone (partially hydrolyzed protein), lactose, and two in¬ 
gredients that inhibit other organisms—the dye, brilliant-green, and bile salts. 
Intestinal coliforms are resistant to bile since bile is present in the intestine. 
The confirmed test is performed by transferring a very small amount of 
inoculum from a tube that exhibited gas formation in the presumptive test to a 
tube of brilliant-green bile broth. The formation of gas within 48 ± 3 h of 
incubation at 35 ± 0.5°C constitutes a positive confirmed test. Tubes with 
positive results are used for the completed test, which involves further 
identification procedures. 

For the completed test, a minute sample from each tube of brilliant-green 
bile broth is streaked, in a manner that will produce isolated colonies, on the 
surface of an agar medium on which coliforms produce distinctive (recogniz¬ 
able) types of colonies. The medium may be Endo agar or EMB (eosin- 
methylene blue) agar. In each case, the medium contains lactose as the 
fermentable energy source and dyes that are taken up by lactose-fermenting 
cells. Coliform colonies on both media will absorb dye. On EMB medium, 
Enterobacter colonies are normally pink with a purple center and may have a 
small amount of green metallic sheen in the center. E. coli colonies are 
typically smaller and very dark, especially in the center, and are covered 
completely with precipitated dyes that produce a green metallic sheen when 
viewed by reflected light. Colonies should be examined after approximately 
24 h incubation (at 35 ± 0.5°C) since the green sheen may disappear after 
longer incubation. The difference in appearance of colonies on EMB medium 
is related to the fermentation pattern of the organism (see Chaps. 8 and 11). 
Organisms that have the mixed acid fermentation pathway, e.g., E. coli, 
convert a large proportion of the energy source to acid, producing a low pH. 
The dyes are taken up in rough proportion to the acidity of the colony, and 
organisms with a mixed acid fermentation take up so much of the dye that it 
precipitates on the surface of the colony, producing the green metallic 
appearance. Acid diffusing from the colonies often causes precipitation of the 
dye and produces a green metallic sheen over the surface of the agar, 
sometimes covering the entire plate. When the lactose has been exhausted, 
the cells may begin to utilize amino acids as energy source, deaminating them 
and releasing ammonia, which neutralizes the acid previously formed. The 
dyes may then redissolve and the green sheen may disappear. 

The plates are examined after 24 h incubation, and typical coliform 
colonies are picked. These are described in Standard Methods as “nucleated, 
with or without metallic sheen.” The term nucleated refers to the darker 
center, sometimes surrounded by what may appear to be concentric rings of 
growth. These are, of course, colonies that are typical of E. coli or of a 
related coliform that ferments lactose by the mixed acid pathway. If no 
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typical colonies are present, atypical colonies are picked. These are described 
as “opaque, unnucleated, mucoid, pink.” Colonies of this type are typical of 
Enterobacter or Klebsiella and are the result of the butanediol fermentation 
of lactose, which produces less acid than is produced in mixed acid fer¬ 
mentation. Enough dye is taken up to color the colonies but not enough to 
produce a very dark colony or to precipitate and produce the green metallic 
sheen. 

Isolated colonies of either type are used to inoculate both a nutrient agar 
slant and a tube of lactose or lauryltryptose broth (both inculations from a 
single colony). One or more colonies should be picked from each plate. The 
broth tubes and agar slants are incubated at 35 ±0.5°C, and the broth tube is 
examined for gas formation at 24 ± 2 h and 48 ± 3 h. If no gas is produced, it is 
concluded that coliforms are not present. If gas is produced, the nutrient agar 
slants corresponding to the tubes with positive results are used to determine 
the morphology and Gram-staining reaction of the cells. A portion of the 
growth from the slant is stained by the Gram-staining procedure and 
examined microscopically. If the cells observed are Gram-negative, non- 
spore-forming rods, the completed test shows positive evidence of the 
presence of coliforms in the original water sample. If spores are present or if 
both Gram-positive and Gram-negative cells are observed, additional colonies 
must be examined by the procedure used for the first colonies which have been 
chosen. 

The completed test is not required for all examinations of water samples. 
Standard Methods and the EPA Drinking Water Standards should be con¬ 
sulted for specific requirements. 

In some cases, it may be desirable to subject coliforms isolated from 
water (or other sources) to further tests in order to differentiate organisms 
belonging to different genera. The group of biochemical tests most useful for 
this purpose is the series of four tests commonly referred to as IMViC. These 
were developed to differentiate E. coli and Enterobacter aerogenes, both of 
which ferment lactose actively and produce gas. The same series of tests can 
be used to differentiate between these species and Citrobacter freundii, 
formerly Escherichia freundii, which may ferment lactose rapidly, after a 
delay, or not at all, depending on the strain. The two most important tests of 
this group are the methyl red and Voges-Proskauer tests, which determine the 
fermentation type. These were discussed in Chap. 8. The ability to use citrate 
as the sole source of carbon and energy in a minimal medium and the ability 
to produce indole from the amino acid tryptophan in tryptone broth are the 
other two reactions tested. The indole test is the least reliable of these 
because some strains of E. coli fail to produce indole. The typical reactions of 
the three organisms in the IMViC test series are shown in the accompanying 
table. For strains that react typically, differentiation of the three organisms is 
straightforward. Such extensive testing is not often necessary and is certainly 
not required for routine testing of water quality. 
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Indole 

production 

Methyl 

red 

Voges- 

Proskauer 

Growth on 
citrate 

E. coli 

+ 

+ 

_ 


C. freundii 

- 

+ 

- 

+ 

E. aerogenei 

~ 

— 

+ 

+ 


Membrane filter method for total coliforms The multiple-tube method is 
expensive and time-consuming, but it is still considered the most reliable 
method available. The membrane filter technique was approved as an alter¬ 
native procedure in the 11th edition of Standard Methods in 1960. Parallel 
testing to verify the results by comparison with those of the multiple-tube 
technique was recommended then and is still advisable. 

In the membrane filter technique, the water sample is filtered with the aid 
of suction through a sterile membrane with a pore diameter of 0.45 ±0.02 p,m. 
Bacteria are retained on the filter. The filter is then placed on a pad saturated 
with liquid medium or on an agar surface. Nutrients pass through the filter, 
and the cells on the surface develop into colonies large enough to be 
examined and counted after 24 h incubation. The medium used is Endo broth or 
agar and the temperature of incubation is 35±0.5°C. Better recovery of 
coliforms is often obtained if the filters are first placed on a pad saturated with 
lactose broth or lauryltryptose broth and incubated at 35±0.5°C for 1.5 to 2 h, 
then transferred to Endo agar or a pad saturated with Endo broth. The energy 
source in Endo medium is lactose, and bile salts and detergent are added to make 
the medium at least partially selective for intestinal organisms. Lactose- 
fermenting colonies take up the dye, basic fuchsin, becoming pink to red and 
exhibiting a green metallic sheen by reflected light. All organisms that produce 
colonies exhibiting this sheen within 24 h are considered to be coliforms. 

The membrane filter method offers several advantages over the multiple- 
tube technique. Results are obtainable within 24 h, and much less medium 
preparation and manipulation of samples are required. The method provides a 
direct count of coliforms present in a known volume of water rather than a 
statistical estimate. If the water sample is free of turbidity, a large volume can 
be filtered. A 100-ml sample of drinking water is the recommended volume, 
and the water is considered to be of satisfactory quality if no more than one 
coliform colony is found on the filter when a 100-ml sample is used. For 
more turbid waters or waters expected to contain coliforms, much smaller 
volumes must be used. The recommended volumes for water from different 
sources are given in Standard Methods. 

Fecal coliforms Either the multiple-tube technique or the membrane filter 
technique may be made specific for the detection of fecal coliforms by 
changing the incubation temperature to 44.5±0.2°C. Only the coliforms 
originating from the intestines of humans or other warm-blooded animals 
should be able to reproduce at this temperature, while others that originate 
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from soil or water will be eliminated. In addition to the change in incubation 
temperature, different media are used. 

In the multiple-tube technique, no change is made in the presumptive test; 
i.e., incubation is at 35±0.5°C. A small inoculum from each tube that shows 
positive results on the presumptive test is transferred to E. coli medium. 
Lactose is the energy source; bile salts are added to inhibit growth of nonintest- 
inal organisms. Fecal coliforms produce gas within 24 h at 44.5 ± 0.2°C. 

In the membrane filter procedure for fecal coliforms, the filters are placed 
on pads saturated with M-FC (membrane-fecal coliform) broth that contains 
lactose as the energy source and bile salts to inhibit the growth of nonin- 
testinal organisms. Incubation is at 44.5±0.2°C, and fecal coliforms produce 
blue colonies. 

In either procedure, great care must be taken to provide accurate tem¬ 
perature control since the incubation temperature is very near the maximum 
tolerable temperature for £. coli and temperatures above the limit may kill 
the cells. If the temperature is allowed to drop significantly, nonfecal coli¬ 
forms may be able to grow. 

Problems in the coliform analysis Many suggestions have been made for 
modification of media or procedures that might make the coliform test more 
selective for coliforms or increase the probability of detecting coliforms if 
they are present. The test is not without faults, and continued research is 
needed to devise the most reliable testing procedures possible. A recent study 
comparing four procedures for enumerating coliforms in water led to the 
conclusion that different procedures are selective for different genera among 
the coliforms and that local conditions may determine which procedure gives 
the best results (Dutka and Tobin, 1976). 

Two problems, other than those related to identification, should be 
mentioned. Methods and sites of sampling should be carefully controlled, and 
it may be necessary to compare coliform densities at different sites in natural 
bodies of water to determine the most critical sites for monitoring. The depth 
of sampling may also be important. Dutka and Kwan (1978) reported that 
bacterial densities in the surface microlayer are significantly higher than they 
are at the below-surface depths usually sampled. This may be particularly 
important in determining the safety of water for recreational use. 

Another recent study is especially relevant to water quality in beach 
areas. Olson (1978) found that fecal coliforms in seawater, such as those 
originating from the discharge of sewage or treated effluent into the ocean, 
frequently do not behave typically in the standard coliform (MPN) assay. 
These “injured” coliforms grew in lactose broth but produced no gas. Further 
testing revealed that more than 50 percent of these false negatives were 
identifiable as E. coli. Beach waters that were apparently within the pres¬ 
cribed safety limits when tested by the standard procedure proved to be in 
violation of the coliform standards when more careful testing of apparently 
negative samples was done. 
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Coliforms that have been exposed to chlorine but not killed are also 
“injured” and may require special treatment. Samples to be tested by any 
method should, of course, be dechlorinated by the addition of sodium 
thiosulfate. Organisms that are not killed by chlorine may not react typically. 
Lin (1976) found that there was less recovery of fecal coliforms from 
chlorinated sewage effluents using the standard one-step membrane filter 
technique than using the multiple-tube technique. A 4-h preincubation of the 
filters at 35°C on phenol red lactose broth followed by incubation on M-FC 
agar at 44.5°C gave fecal coliform counts comparable to the MPN estimates. 
Interestingly, the use of M-FC agar rather than M-FC broth (same ingredients 
except for agar) for incubation of the filters resulted in fecal coliform counts 
averaging twice as high as those on the broth-saturated pads. Such variations 
illustrate one of the problems of coliform assays; a slight variation in 
technique may have very significant effects on the results. 

The instructions in Standard Methods regarding laboratory procedures, 
preparation of media, handling of samples, and the choice, use, and main¬ 
tenance of equipment are very specific and detailed. Obviously, it is important 
that they be followed carefully. However, even when all possible care is 
taken, bacteria sometimes do not cooperate. Coliforms often produce colonies 
that do not have the typical appearance; when a method that relies on colony 
appearance, such as the membrane filter technique, is used, a great deal of 
experience is required to decide what “atypical” colonies should be tested by 
inoculation into lactose broth as is recommended if no “typical” colonies are 
present. If the safety of a drinking water is in question, a good motto is: 
Better safe than sorry. It is preferable to do excessive testing of possible 
coliforms than to rely totally on colony appearance and risk underestimating 
the number of coliforms present in a drinking water sample. 

There is no absolute criterion upon which allowable limits of coliforms 
can be based. The text by McGauhey (1968) contains an excellent and 
knowledgeable discussion of the problems involved in setting standards for 
water quality. Experience, some experimentation, and a knowledge of attain¬ 
able levels are often taken into consideration in setting standards, but much 
better information is needed. Standards often may be revised only after 
experience has shown that existing standards do not sufficiently protect the 
public health. On the other hand, existing standards may sometimes be based 
on quality that was readily attainable in the past when population levels were 
lower and pollution was correspondingly less. Often no record exists of the 
data, if any, on which standards were based (McKee, 1952). Even the best 
available information may be insufficient, as in the case of contamination of 
water by human enteric viruses. 

Assays of Enteric Viruses 

The 14th edition of Standard Methods includes tentatively recommended 
procedures for the detection of enteric viruses in water and wastewater. 
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These are not recommended for routine use in water analysis, and the 
procedures are applicable only to clean (drinking quality) water. Assays for 
viruses can be undertaken only by specially trained personnel in well- 
equipped laboratories, so it is most unlikely that assays for the virus content 
of drinking or recreational water will be required for water quality deter¬ 
mination in the near future. Methods for enteric virus detection and quan¬ 
titation have been the subject of intensive research in the past decade and, 
while much progress has been made, much more research is needed. 

Two major problems in the development of reliable assay methods are the 
requirement for methods of concentrating and recovering viruses present in 
low concentrations and the need for cell cultures or animals susceptible to a 
broad range of enteric viruses. Because of the specificity of viruses for 
certain types of host cells, it cannot be anticipated that any single assay 
system will be suitable for the detection of all human enteric viruses. 

A variety of methods for concentrating and recovering viruses from water 
and wastewater have been used by different investigators, and studies com¬ 
paring the efficiencies of various methods have shown that there are very 
large differences among methods. Further complications arise from data 
indicating that a method that recovers one type of virus with greater efficiency 
than other methods may be least efficient in the recovery of a different virus. 
Methods found to be most efficient for recovering viruses from pure water 
may be very inefficient for recovery from water that contains organic waste. 

Methods for recovering viruses from dilute samples usually involve 
adsorption of the virus followed by elution with a small volume of liquid. 
Different methods use different adsorbents and different eluants. A widely 
used method, given tentative approval in Standard Methods, involves filtra¬ 
tion of the liquid sample through a micropore filter to which the virus is 
adsorbed. The pH usually must be adjusted to a value appropriate for the 
adsorbent material used, and addition of Ca 2+ or Mg 2+ may enhance ad¬ 
sorption. Cellulose nitrate filters are used commonly in this procedure. Ad¬ 
sorbed viruses may be eluted in several ways; the recommended eluant is 
glycine buffer, pH 11.5. The necessary large volumes of water can be filtered 
without difficulty when this procedure is used for the detection of viruses in 
drinking water or other water containing little or no suspended solids. For 
samples that contain organic or inorganic solids that may coat or clog the 
filter, the use of prefilters made of material that does not adsorb viruses often 
has been recommended. However, several investigators have warned that this 
practice may lead to greatly reduced recovery of viruses, because a large 
proportion of the viruses present may be adsorbed to or occluded within solid 
particles. This is a particularly pertinent problem in the recovery of virus 
from sludge or from treatment plant effluent (Wellings et al., 1976; Moore et 
al., 1974). Special processing of solids, rather than simple rinsing with eluant, 
may be required to recover viruses. 

Many other methods of concentrating viruses have been recommended by 
different investigators. Some of these include adsorption to clay or to syn- 
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thetic polyelectrolytes, precipitation by aluminum hydroxide, phase separa¬ 
tion, ultrafiltration (0.5-ju.m pore size), filtration through multiple layers of 
gauze (or suspension of gauze pads in flowing water), and hydroextraction 
(removal of water by absorption with polyethylene glycol). None of the 
methods tested yields consistently good recovery of added tracer viruses 
when tested with different suspending media. The concentration of samples 
by removal of water with polyethylene glycol has been reported to be much 
more efficient in recovering virus than the filter adsorption method (Wellings 
et al., 1974, 1976). It is also much simpler. Any method to be used in a specific 
situation should be tested by determining the percentage recovery of added 
identifiable viruses to samples of the water, wastewater, or solids to be 
assayed. The study by Moore et al. (1974) is an excellent example of the 
experimentation needed in selecting assay methods and of the variability of 
recovery efficiency of a single method when applied to different types of 
samples. 

The second major problem in the development of methods for assaying 
enteric viruses is the choice of the assay method itself, i.e., the choice of cell 
type and the method of cultivation. Standard Methods presently recommends 
the use of two types of cell culture—primary African green monkey kidney 
cells and human embryonic kidney cells—in addition to inoculation by two 
different routes of suckling mice less than 24 h old. Various types of cell 
cultures have been used in different laboratories. As with recovery methods, 
no single assay method has ben found suitable for all viruses that it is 
desirable to detect (Schmidt et al., 1978). One important virus, hepatitis, has 
not been grown in cell culture and thus is not included in the viruses detectable 
by the procedures used for the enteric viruses. If viruses are to be detected 
with maximum efficiency, multiple assay systems should be used, with each 
system sensitive to as many different viruses as possible. Another difficulty, 
which possibly can be circumvented by pretreatment of samples, is the 
toxicity of some wastewaters to cell cultures. 

It is apparent from many investigations reported in the recent literature 
that much work remains to be done in determining what waste disposal 
methods are most effective in protecting the public from waterborne diseases. 
Reliable assay methods are required to evaluate the effectiveness of methods 
used to remove or inactivate pathogenic microorganisms. We shall consider 
some of these methods in the remainder of this chapter. 


DISINFECTION 

In the area of public health, we must be as much concerned with the killing of 
microorganisms as we are in other areas of the profession with their proli¬ 
feration. In some instances, it is necessary to sterilize the system (air, water, 
or solid), i.e., free it of all life of any kind, and in others it is sufficient to 
disinfect it, i.e., rid it of all organisms capable of causing infections. The 
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terms sterilization and disinfection are usually defined as stated above, but 
these definitions tend to give the impression that infectious or disease-causing 
organisms are easier to destroy than others, and this is surely not the case. 
Most agents capable of disinfection are sterilizing agents as well. 

There are many ways to inhibit or kill microorganisms; some of these are 
listed in Table 14-2. The environmentalist may not make general use of all of 
these, but the refrigeration of field samples during transit to the laboratory for 
biological assay is an often-practiced example of inhibition of microbial 
proliferation. Removal of microorganisms is one of the major purposes of 
water treatment plants, and several of the methods listed in Table 14-2 are 
important in water treatment. The process of coagulation and sedimentation, 
used to remove turbidity, also removes many microorganisms. The filtration 
process that follows coagulation and sedimentation, i.e., the polishing process, 
also removes microorganisms. Organisms that are not removed by the filtra¬ 
tion process may be adsorbed, e.g., on activated carbon. Last, there is the 
destruction of microorganisms, i.e., disinfection. This usually is the final line 
of defense against the survival of microorganisms in the water supply, and the 
effectiveness of the destruction method is improved if the concentration of 
organisms is low. Thus, the removal methods are useful pretreatments for the 
destruction methods at treatment plants. 

Thermal and mechanical processes of destruction are commonly used to 
sterilize or disinfect solid and aqueous materials in fairly small-scale ap¬ 
plications, e.g., cooking utensils and tableware in restaurants or working 
surfaces and instruments in hospitals. Ultraviolet radiation has an application 
in the disinfection of air spaces and may be used also in the water supply field 
to a greater extent in the future. Chemical disinfection is the most widely used 
means of disinfecting large volumes of water. Chlorine has been the method 
of choice for so many years that other chemical methods, although well 


Table 14-2 Microbial killing and inhibition 


Process 

Agent 

Remarks 

Inhibition 

Chemicals 

Dyes, antibiotics 


High osmotic pressure Brines, syrups 


Refrigeration! 
Drying J 

Freeze-drying 

Removal 

Filtration 

Centrifugation 



Coagulation and 
sedimentation 

• Used in water treatment 


Adsorption J 

Viruses on activated carbon 

Destruction 

Heat 

Wet, dry 


Mechanical 

Ultrasonic vibration 


Radiation 

Ultraviolet light 


Chemical 

Chlorine, ozone 
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studied, have seldom been used. Recent concern over the amounts of organic 
matter in waters and the suspected carcinogenic properties of some 
chlorinated organic compounds has spurred the reevaluation of other chem¬ 
ical disinfectants, notably ozone. 

Factors Affecting Disinfection 

Factors that can affect the rate and effectiveness of killing of microorganisms 
are listed below: 

Time 

pH 

Temperature 

Concentration or intensity of the killing agent 

Concentration of organisms 

Nature of the killing agent 

Nature of the organism 

Nature of the suspending medium 

The time required to effect the killing of microorganisms is an important 
consideration in determining the agent to use and the conditions under which 
the process is to be carried out. No agent effects the immediate kill of all 
organisms in a given suspension. For a given set of environmental conditions, 
the time required to bring about a given amount of killing depends on the 
number of cells initially present and the concentration or intensity of the 
agent applied to the system. Often, the percentage of cells dying in equal 
intervals of time is constant; that is, the rate of dying follows a first-order 
decreasing rate similar to that we observed in several other processes. This 
rate may be described by the following equations: 


4*L = - k ’N 
dt 

(14-1) 

0*1* 

II 

1 

(14-2) 

In N, = In No - k't 

(14-3) 


where N is the number of viable organisms, N the number at the time 
treatment begins, N, the number at any time t, and k' the death rate constant. 

Such a first-order dieoff or kill kinetic, when manifested, is not always 
observed over the entire period of treatment. Figure 14-2 shows three general 
types of curves that can be observed. Curve a is a plot of an equation in the 
form of Eq. (14-3). Curves b and c exhibit “shoulders,” and curve d shows 
increasing resistance as the reaction proceeds. Various lines of reasoning can 
be applied to explain these types of curves. Curve a can be expected if the 
killing agent has equal access to all members of the population, the killing 
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Figure 14-2 Three types of sur¬ 
vival curves frequently found for 
microorganisms exposed to killing 
Time of contact agents. 


mechanism is the same for all members, and all members are equally sensitive 
to the agent. Also, it should be stipulated that the concentration of killing 
agent is in such excess that any change in its concentration during the 
reaction time is negligible. The shoulders of curves b and c suggest that the 
killing agent encounters some sort of resistance before contacting the vital 
constituent or that there may be more than one vital “target” that must be 
destroyed before killing is effected. According to the target, or vital hit, 
theory of kill often evoked in interpreting the results of irradiation studies, 
curve a indicates that killing is effected by irradiation of but a single target 
within the cell. Curves b and c, intercepting the NIN 0 axis at 2 and 3, 
respectively, indicate that there are two and three vital targets that must be 
inactivated for the agent to effect kill. Curves such as b have been obtained, 
for example, in the ultraviolet irradiation of yeast cells that contain two sets 
of chromosomes, indicating that both must receive lethal hits if the cell is to 
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be killed. Curve d could indicate a developing resistance on the part of the 
population, as, for example, in the treatment of poliovirus with, formaldehyde 
(Hiatt, 1964). However, it is more often interpreted to be a manifestation of 
the existence in the original population of organisms with varying degrees of 
resistance to the killing agent. The early slope reflects the death rate of the 
least resistant species, whereas the terminal slope applies to the most resistant 
members of the population. It is apparent that in disinfection involving 
heterogeneous microbial populations, an almost continuously curving plot 
could be obtained if various types of microorganisms exhibited different 
susceptibilities to a killing agent. However, this is not usually the case with 
such general disinfectants as chlorine and ozone. 

As stated earlier, events that can be described with the same rate equation 
are not necessarily brought about by the same mechanism and, although the 
kinetic mode of occurrence for many phenomena in nature can be described 
by the first-order kinetic mode, it is best not to generalize in regard to 
mechanisms of kill by the agent used on the basis of kinetic observations. It is 
an empirical (observable) fact that more often than not, kill curves or some 
portion of them can be fitted to a first-order decreasing kinetic mode. The 
specific rate of kill k' provides a convenient way to compare the effectiveness 
of killing agents as well as the effects of different environmental conditions in 
killing various species of microorganisms. Generally, in the design of disin¬ 
fection facilities for water supplies, the specific rate is translated to overall 
contact time and concentration or dose intensity for a specified kill in order to 
determine the volume of the holding tank that is required to reduce the 
number of viable cells to prescribed levels. 

A general empirical relationship between concentration C and time 
required for a specific percentage kill t p is usually expressed as follows: 

C"t p = constant (14-4) 

The coefficient n is related to the kinetic order of the reaction. If n = 1, the 
concentration and time of contact are equally weighted, and the kill kinetic 
can be expected to follow that for a first-order reaction as given by Eqs. 
(14-1), (14-2), and (14-3). If n is less than 1, the time of contact is more 
important to the kill than concentration; and if n is greater than 1, the killing 
power of the agent drops off rapidly for lower values of C. If one plots the 
logarithm of C versus the logarithm of t p , the slope of the plot gives a value of 
- 1/n. Such plots are useful in studying kinetic order and dosage-contact time 
efficiency of various killing agents under specific test conditions (see Fig. 14-3 
for examples of such log-log plots). It can be seen that time, whether 
measured in terms of specific rate or overall holding or contact time, is an 
essential consideration and one by which the efficiency of the other 
parameters of disinfection is gauged. 

The hydrogen ion concentration, pH, can influence the course of disin¬ 
fection by affecting both the disinfectant molecule and the cell. Usually 
microorganisms exhibit more resistance to chemical disinfectants if the pH is 
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Figure 14-3 Time-concentration relationships in disinfection. (A) Concentration of free available 
chlorine required for 90 percent kill of E. coli at 2 to 5°C. (B) Concentration of combined available 
chlorine required for 50 percent kill of E. coli at 2 to 5°C. (From Fair, Geyer, and Okun 1968.) 


at or near the optimum for growth; that is, a pH unfavorable to the growth of 
the organism may increase the effectiveness of the chemical disinfectant. A 
pH that affects the ionic form of a disinfectant can determine its effective¬ 
ness, since in general cells are more permeable to nonionized than to ionized 
compounds. 

The killing rate of antimicrobial agents is increased with increased tem¬ 
perature. In the range of temperatures allowing growth, the increase of killing 
rate with temperature is in general accord with the increase expected for 
chemical reactions. However, the physical effects of increased temperature 
can affect the killing rate in other ways as well; e.g., surface tension and 
viscosity are reduced with increased temperature and this can further enhance 
the effectiveness of a disinfectant. 

The time required to attain a given kill of organisms, whether the kinetic 
mode of disinfection is first order or any other, is dependent on the number of 
cells initially present. In regard to the concentration of a chemical agent or the 
intensity of a physical killing agent, within narrow limits the effectiveness of a 
disinfectant is increased with its increased concentration or intensity. 
Moderate increases in concentration may increase the kill rate considerably, 
but then further increases may exhibit no increased effect. At decreased 
concentrations, the disinfectant may no longer kill but may exhibit biostatic 
activity; that is, the disinfectant may no longer kill immediately but it may 
inhibit metabolism and set the cells on a course that could lead to death with 
prolonged contact. The effect could be reversed if the cells were placed in a 
more favorable environment, however. At still lower concentrations, no effect 
of any kind may be exhibited, and with various disinfectants or microbial 
poisons a very small concentration may stimulate growth. 





Table 14-3 Examples of chemical disinfectants 


Type 

Examples 

Mode of action 

Application notes 

Oxidizing 

agents 

Halogens, e.g., 
chlorine 

Oxidize SH and other 
functional groups 
of enzymes 

Water treatment, industrial and 
restaurant disinfectant, a general 
disinfectant; can produce poten¬ 
tially harmful chloro-organic 
by-products 


H 2 0 2 (hydrogen 
peroxide) 

Produces free hydroxyl 
radical, OH; subsequently 
oxidizes reduced func¬ 
tional groups of enzymes 

Effective against spores and viruses; 
finding increased use as water 
disinfectant 


Ozone 

Probably similar to chlorine 

Water treatment, effective against 
microorganisms, including spores and 
viruses 

Phenols 

Phenol, lysol, 
cresols 

Denatures and precipitates 
proteins 

Disinfection of washable inanimate 
surfaces 

Heavy metals 

Silver 

Copper 

Forms complexes with functional 
groups, e.g., thiol groups of 
electron transfer enzyme 
systems 

Can form complex with protein; 
metal salts precipitate 
proteins 

Used for swimming pool disinfection 
in Europe, not used in United States; 
medicinal antiseptics; silver 
sulfadiazine used in burn therapy 
Algicide in water reservoirs and 
swimming pools 

Soaps 

Saturated or 
unsaturated 

Disrupts cell membrane 

Cleansing prior to application of other 
surface disinfectants 

Detergents 

Sodium lauryl- 
sulfate 

Disrupts cell membrane; can 
disrupt some viruses 

Cleansing prior to application of other 
surface disinfectants 
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Various killing agents exhibit different killing efficiencies toward any 
given species, and any given agent may exhibit different disinfection efficien¬ 
cies toward various microorganisms. The disinfectants differ in their mode of 
action, and the microorganisms differ in their protective or resistive 
mechanisms. Table 14-3 lists possible modes of action for some of the 
disinfectants and gives some examples of applications. Note that the oxidants, 
chlorine and ozone, are general disinfectants for waters that contain hetero¬ 
geneous microbial populations and therefore must be effective against a very 
broad range of microorganisms. Although individual species vary in their 
resistance to various disinfectants, some general characteristics that enhance 
resistance are the ability to form spores and to produce capsular materials. 
When high concentrations of disinfectants are used, older bacterial cells are 
usually somewhat more resistant than are younger, rapidly growing cells. On 
the other hand, at lower concentrations of disinfectants, which tend to be 
bacteriostatic rather than bactericidal, older cells are sometimes less resistant. 
The differences in the effectiveness of disinfection in relation to the phy¬ 
siological age of the cells are possibly due to differences in the biochemical 
composition of the cell with age or to differences in the permeability of the 
cell membrane. 

The greater resistance of older, more slowly growing cells to high doses 
of toxicants correlates rather well with the observed attenuation of disruption 
of treatment efficiency due to various types of shock loadings for more slowly 
growing activated sludges (see Chap. 13). Many waste streams at times may 
contain varying concentrations of various microbial toxicants, and their fate 
at the treatment plant and their effects on the biological treatment process are 
important problems for environmental science professionals. 

The nature of the medium in or on which the microorganisms live can 
have a significant effect on the rate and the amount of kill obtained with a 
given disinfecting agent. Heat is a more effective disinfectant at acid than at 
alkaline pH levels. High concentrations of soluble organic matter increase 
resistance to thermal killing. The viscosity of the liquid in which the micro¬ 
organisms are suspended as well as the presence of extraneous colloidal and 
soluble organic matter also increase resistance to chemical disinfectants. In 
general, the chemical disinfectants owe their killing power to the ability to 
combine with essential organic molecules of the cell. It can be expected that 
they may also combine with extraneous organic matter that may be present. 
Thus, some of the chemical agent may form soluble and insoluble products 
with no disinfecting power, thus reducing the available concentration of the 
disinfectant. Also, extraneous soluble and colloidal organic matter may ac¬ 
cumulate around the cells and interfere with contact of the agent and the cell 
component, which is essential to disinfectant action. It is the reactivity and 
combining power of chlorine with extraneous organic matter that have caused 
considerable concern over its current mode of use in the disinfection of water 
supply systems and wastewater treatment plant effluents. 
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Disinfection with Chlorine 

Chlorine was introduced as a precautionary measure against infection and as 
a deodorizer in hospitals by Holmes in Boston in 1835, and by Ignaz Philipp 
Semmelweis in Vienna in 1846, although the cause of infection was not then 
known. Its use in water supplies was hastened by evidence such as that 
uncovered by Snow during the cholera outbreak in London in 1854, indicating 
that the disease was transmitted through a groundwater supply contaminated 
with wastes from individuals known to have the disease. In the same year, 
chlorine was added to London sewage as a deodorant. Development of the 
germ theory of infection and growing evidence of its correctness in the latter 
part of the nineteenth century brought about increased use of chlorine in 
public water supplies. Toward the close of the century, it was more frequently 
used as an emergency, i.e., remedial, treatment during epidemics. Its routine 
continuous addition to municipal supplies as a preventive public health 
measure was not initiated until 1904 in England and 1908 in the United States. 
The addition of chlorine to public water supplies brought about, in 1909, one 
of the bench-mark sociotechnological decisions in the environmental control 
field. The courts upheld evidence indicating that chlorination of the water 
supply was in the best interests of public health, and it was held that the 
community had the right to safeguard that interest over the objections of 
some private citizens who paid for and used the water but did not wish such a 
toxicant added to the supply. Some individual freedom was sacrificed for an 
action determined to be necessary for the common good on the basis of 
scientific and technological information. That decision has met with general 
public acceptance well into the current century. Recently, evidence has been 
presented that some of the chlorinated organic compounds that can be formed 
during disinfection may be carcinogenic in humans, and there is need for new 
sociotechnological consideration of the practice. Early warnings by some 
workers (Ingols, 1958; Ingols, et al., 1966) regarding the production of toxic 
compounds when waters containing organic compounds were treated with 
chlorine went largely unheeded. However, recent research findings, using 
more sensitive methods of detection, have confirmed the presence in water 
supplies of chlorinated organics of known or suspected carcinogenic poten¬ 
tial. 

Before society can or should act to change the practice of chlorination, 
there is a great need for more technological information. Today few would 
stop the practice of chlorination unless a suitable replacement is found, 
because the possible dangers from halogenated organics are outweighed by 
the certainty of the danger of epidemics without disinfection of the water 
supply. The dilemma is emphasized by growing evidence that public water 
supplies are currently not as well protected from waterborne diseases as the 
general public assumes. It must be remembered that an ever-increasing 
proportion of the water supply consists of recycled municipal sewage. While 
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there are an increasing practice of wastewater treatment, a higher degree of 
receiving stream management, and ever-increasing improvements in polishing 
treatments at water supply plants, terminating in chlorination prior to dis¬ 
tribution, it is true that various bacterial spores, protozoan cysts, viruses, and 
vegetative bacteria found in sewage can and do get through to the consumer. 
There is some evidence that waterborne disease outbreaks are now increasing 
in the United States. Delivery of a hygienically safe water supply has always 
been the primary goal in the water supply field, and passage of Pub. L. 93-523, 
the Safe Drinking Water Act of 1974, mandates that drinking water shall meet 
rigid standards. Those in charge of the production of drinking water must 
become much more familiar with the chemistry and biology of the processes 
used to produce drinking water if this mandate is to be fulfilled. Since 
chlorination is by far the most used disinfectant, it is essential to learn more 
about its chemical and biological mode of action and the spectrum of 
environmental consequences of its use. 

Chlorine is a highly reactive oxidant that exists as various ionic species 
and compounds in aqueous solutions. The chlorine compounds that are 
present depend in no small measure on other compounds that are in the water 
and available to react with chlorine. In a water devoid of extraneous inorganic 
and organic matter, the ionic species present is entirely dependent on pH. The 
applicable reactions are: 


Cl 2 + H 2 O^HOCl + H + + Cr (14-5) 

HOCl^±H + + OCr (14-6) 

The hypochlorous acid (HOC1), formed when chlorine is added to water, can 
lose its proton and form hypochlorite ion (OC1 - ). The equilibrium constant for 
reaction (14-6) is 2.7 x 1(T 8 at 20°C. At pH values below 6, the chlorine exists 
almost exclusively as HOC1, and at pH values above 9, as OCl~. These are the 
active disinfectants; the chloride ion has no disinfecting power except at 
extremely high concentrations; thus, it has none whatsoever in water supply 
systems. Since HOC1 is a more potent disinfectant than is OCl“, chlorination 
under slightly acid conditions is recommended. Below pH 7.4, hypochlorous 
acid is the predominating species in reaction (14-6). It is seen from Eq. (14-5) 
that under very acid conditions the equilibrium would lie to the left and 
chlorine could exist as Cl 2 . In general, however, chlorination is not conducted 
at such low pH values, and the concentrations of HOC1 and OCl“ are referred 
to as the free available chlorine for disinfection. 

In the presence of ammonium ion, hypochlorous acid reacts to form 
mono-, di-, and trichloramines. Chloramines have considerable killing power 
but are inferior to hypochlorite ion and hypochlorous acid as disinfectants. 
The chlorine tied up in chloramines is referred to as combined available 
chlorine. 

The chloramines can be oxidized by the addition of greater amounts of 
chlorine. The possible oxidation products, nitrous oxide, N 2 0, trichloramine, 
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NCI3, and N 2 are gaseous and can be stripped from solution. This causes a 
sharp drop in the amount of total residual chlorine in solution, and further 
addition of chlorine results in the presence of only free residual, HOC1 and 
OCl“. The use of doses of chlorine high enough to provide for the destruction 
and removal of ammonia so that only free available chlorine remains in 
solution is called break-point chlorination and is widely practiced in the water 
supply field. 

Ammonia is not the only compound that exerts a chlorine demand. 
Chlorine can react with iron, manganese, and hydrogen sulfide, among other 
chemical constituents. Unsaturated carbon bonds in organic matter are parti¬ 
cularly susceptible to the addition of chlorine, forming various chlorinated 
organic compounds. Mono-, di-, and trichlorinated phenolic compounds can 
be formed, and these cause unpleasant tastes and odors. Until 1974, most 
interest in the reactions of chlorine with organic matter in water involved 
economic concern over chlorine demand prior to attaining a residual of free 
available chlorine; there was also much interest in the prevention of tastes 
and odors. However, recent concern over the fate of literally hundreds of new 
compounds introduced into the environment each year and the application of 
improved analytical methods have revealed that there are probably thousands 
of organic compounds present in public drinking waters in very low concen¬ 
trations. More than 300 volatile organic compounds and over 50 pesticides 
have already been identified in drinking waters, and these account for only a 
small fraction of the total amount of organic matter found in such supplies. 

One of the compounds most often found in drinking water supplies is 
chloroform, CHCI3, which is a known animal carcinogen. The reported 
concentration of chloroform in water supplies varies from 0.2 to more than 
300 parts per billion (ppb), which is higher than concentrations of other 
organics generally found in such supplies. Chlorinated water supplies have 
higher chloroform concentrations than supplies that are not chlorinated, and 
the rate of occurrence of cancer tends to be higher in areas served with a 
chlorinated water supply. Clearly, there is cause for responsible concern. 
Responsible concern means an accelerated effort to monitor water supplies 
for both chlorinated organic compounds and other organics. It also means 
inauguration of process changes in administering chlorine to the water as well 
as accelerated investigative efforts to seek possibly less hazardous disinfec¬ 
ting agents. 

Since many of the chlorinated organic compounds found in water supplies 
emanate from the practice of chlorination, an obvious line of attack would be 
to remove the organic matter prior to adding chlorine. Since most of the 
processes and operations used at water treatment plants are designed to 
remove organic matter, cessation of the practice of adding chlorine prior to 
some of these unit processes would certainly be expected to decrease the 
amount of chlorinated organic compounds in the water. In places where 
prechlorination has been stopped, drastic reductions in chloroform levels 
have been observed. For example, in instances where the chloroform level 
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was approximately 300 ppb, it has been decreased to approximately 30 ppb by 
eliminating prechlorination. This practice was initiated some years ago in 
cases where raw water supplies of questionable microbiological quality were 
used—for example, for raw water supplies taken from rivers carrying con¬ 
siderable waste loadings from municipal and industrial effluents. Often water 
is again chlorinated before being passed through rapid sand filters. This is 
done in order to control the amount of microbial growth in the filter. 
Chlorination in holding tanks after filtration (postchlorination) and prior to 
entry of the water into the distribution system is always practiced. Cessation 
or curtailment of all but postchlorination is a process change that has been 
shown to yield lower chloroform concentrations. Such changes in operation 
can probably bring the chloroform level to that currently thought to be low 
enough for consumer protection, i.e., approximately 100 ppb. However, a 
further decrease in the concentration of chlorinated organics will require 
additional treatment for the removal of organic matter. Adsorption of organic 
materials on activated carbon seems to be technically feasible but adds 
significantly to the cost of the water, and this extra expense, it has been 
argued, can erode the quality of other community services such as schools 
and transportation. However, one cannot deny that community services 
dealing with the life-support system must be accorded more priority than 
those involving services that, while truly important, are less vital to survival. 
The importance of the purity of the water supply makes it essential that 
environmental professionals, who are the experts, exercise responsible 
concern and provide information to the public who will ultimately decide on 
the course to be followed. 

Chlorination has probably been one of the major reasons for the in¬ 
creased life span currently enjoyed in many countries. It would seem that the 
practice of postchlorination of water supplies must continue, but the practice 
of prechlorination and intermittent chlorination, for example, that prior to 
rapid sand filtration, will be severely curtailed or stopped. In regard to the 
chlorination of sewage and sewage treatment plant effluent, the practice 
should undoubtedly be discontinued and some other method of disinfection 
adopted, since the concentration of organics is too high to allow effective 
chlorination in any case, and the major result is the formation of chlorinated 
organic compounds. The disinfection practiced in the interest of operational 
control at water treatment plants for raw waters that are rather heavily laden 
with organic matter, or the disinfection practiced on wastewater treatment 
effluents, can be accomplished by other disinfectants that do not form 
chloro-organic compounds. Research on such disinfectants is currently in 
progress in various laboratories. The use of chlorine substitutes will probably 
permit chlorination to continue as the main line of defense in water dis¬ 
tribution systems. Such substitutes as hydrogen peroxide or ozone offer 
possible solutions for other uses. 

Mechanism of action of chlorine It is ironic that after three quarters of a 
century of using chlorine as a disinfectant of water supplies, the mechanism 
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by which it kills microorganisms has not been unequivocally delineated. Much 
useful research has been done; however, there are many problems in deter¬ 
mining the biochemical mechanisms by which chlorine, a general oxidant, kills 
nearly all microorganisms with which it comes in contact. Various postulates 
regarding the mechanism have been put forth. These include the oxidation of 
SH groups resulting from the formation of nascent oxygen (O) from HOC1, 
formation of N-chloro compounds with organic cell constituents, and des¬ 
tructive changes in cell membrane permeability, among others. A concept that 
seems reasonable and is supported by some experimental evidence is the 
oxidation of the sulfhydryl groups (-SH) of enzymes central to the respiration 
and growth of microorganisms (Green and Stump, 1946; Knox et al., 1948; 
Venkobachar et al., 1975). A number of important enzymes, e.g., glyceralde- 
hyde 3-phosphate dehydrogenase (see Chap. 9), depend on the integrity of SH 
groups; chlorine can oxidize these groups and the oxidation is apparently 
irreversible (Ingols et al., 1953). There is also evidence that chlorine can cause 
harmful changes in the permeability of cell membranes, as indicated by the 
loss of P 32 from bacteria in the presence of small concentrations of chlorine 
(Friberg, 1957). 

The killing power of combined residual chlorine, e.g., chloramines, is 
generally concluded to be due largely to hydrolysis to HOC1. Chloramines 
that hydrolyze poorly have been shown to lack the ability to penetrate cysts, 
whereas those that produce detectable amounts of HOC1 show disinfectant 
action against cysts, possibly because of the HOC1 that is formed (Chang, 
1944). While combined residual chlorine persists longer in a system, it is a far 
less potent disinfectant than is free residual chlorine, as can be seen by 
comparing the time-concentration relationships shown in Fig. 14-3. 

It has generally been found that viruses are considerably more resistant to 
inactivation by chlorine than are bacteria. Little is known of the mechanism 
by which chlorine inactivates viruses. The infectivity of viruses depends on 
their ability to attach to and penetrate the host cell—a function of the protein 
coat. It also depends on their ability to reproduce—a function of the nucleic 
acid. The oxidizing action of chlorine on SH groups in protein, believed to be 
largely responsible for bactericidal action, may also alter the configuration of the 
proteins required for attachment. Many viruses also contain enzymes that are 
essential to their replication, and some of these may be inactivated by the 
oxidation of sulfhydryl groups. Oxidation of nucleic acid bases or reaction with 
the amino groups of these bases could be another mechanism of inactivation of 
viruses. Some data have recently been obtained that suggest that certain viruses, 
e.g., poliovirus, can develop resistance to inactivation by chlorine if they are first 
treated with sublethal doses of chlorine (Bates et al., 1977). However, Engel- 
brecht et al. (1978) were unable to obtain similar results. 

The major problem with the use of chlorination to inactivate enteric 
viruses in treatment plant effluents is the relative insensitivity of some viruses 
in comparison with the indicator bacteria, which generally have been used as 
the criterion for efficiency of disinfection. Chloramines are ineffective against 
viruses, and the high ammonia concentrations in many municipal treatment 
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plant effluents require very high doses of chlorine in order to reach the break 
point and provide a free chlorine residual sufficiently high to ensure the 
inactivation of viruses. It is also necessary to provide longer holding times 
than are required for bacteria. Infectious hepatitis virus has been reported to 
retain activity after a 40-min contact with l.Omg/L of free residual (Kollins, 
1966). Poliovirus has been reported to be inactivated after 35 min at a free 
chlorine residual (as HOC1) of 0.6 mg/L. If the hepatitis virus proves to be the 
most resistant of the enteric viruses, it should be used as the indicator 
organism in assays of disinfection efficiency. However, no method of in vitro 
cultivation of this virus is available, so such assays are much more difficult 
than for other viruses. Engelbrecht et al. (1978) have made a detailed study of 
the factors that affect inactivation of viruses by chlorination. 


Disinfection with Ozone 

The disinfecting powers of triatomic oxygen, ozone, have been known for 
many years. However, ozone is used more widely in other countries than in 
the United States. Ozone has some advantages over chlorine. So far as is 
known, it does not leave a toxic end product, although work on this matter is 
warranted. It adds dissolved oxygen and does not lead to objectionable tastes 
and odors. It is a rather unstable gas and must be generated on site. Past 
unfavorable cost comparisons with chlorine, due largely to lack of develop¬ 
ment of the rather small-scale ozone generators needed at treatment plants, 
have militated against its wide adoption as a water supply disinfectant in the 
United States. However, its use at both water and wastewater plants is 
receiving renewed attention because of the recent fears regarding the produc¬ 
tion of chloro-organic compounds during the chlorination process. In water 
supply plants it will probably find its best use as a pretreatment to chlorina¬ 
tion. Ozone is a potent disinfectant and oxidizer of organic matter but it 
leaves no residual, whereas chlorine can be used for maintaining residual 
disinfecting power in the water distribution system. For either oxidizing 
or disinfecting secondary wastewater treatment plant effluents, ozone should 
prove to be a useful replacement for chlorine. Effluents from wastewater 
treatment plants, while usually containing rather low amounts of readily 
metabolized organic matter, contain significant amounts of organic matter 
registered as residual COD or TOC. Ozone can be expected to oxidize some 
of these compounds, but the nature and possible toxic character of the 
oxidation products should be the subject of intensive investigation before 
ozonation is adopted as general practice. While ozone may provide a chemical 
means of reducing S e , the nature of the oxidation products and the suscep¬ 
tibility to oxidation of the variety of compounds that make up S e are at 
present largely unknown. Significant portions of residual soluble COD from 
aerobic reactors are subject to slow metabolism in the natural receiving 
bodies. It may be that in situations where the effluent is not immediately 
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needed as part of a raw water supply, these compounds are best left to their 
fate in the receiving body rather than subjecting them to partial degradation at 
the plant site by some form of tertiary waste treatment, e.g., chemical 
oxidation. There are some data that indicate that, depending on the exposure 
time, ozonation of an effluent can increase the quantity of organic matter that 
can be biologically oxidized, but as the degradable fraction increases, the rate 
at which it can be degraded may decrease (Melnyk and Netzer, 1975). These 
are aspects that will undoubtedly come under greater scrutiny as the field 
progresses toward more finely tuned wastewater treatment processing and 
management of the receiving bodies. In any event, ozonation will play an 
important role in the future of water and wastewater treatment. 

Ozone is produced by the discharge of electricity in dry air. It is more 
soluble than 0 2 in water, but its low partial pressure does not permit 
concentrations much in excess of 5 mg/L at the temperatures (20 to 25°C) and 
gaseous ozone concentrations (approximately 25 mg 0 3 per liter of air) usually 
found at the generation site. Ozone decomposes very rapidly in aqueous 
solution, and its rate of decomposition is increased at alkaline pH values. It is 
believed that free radical intermediate products, e.g., H0 3 , are formed and 
that these are largely responsible for the disinfecting power of 0 3 ; 0 2 is an 
end product. As with chlorination, the mechanism of disinfection is not really 
known, but unlike chlorine, there is little direct evidence for any hypothesis 
that includes the irreversible oxidation of reduced functional groups. 
However, it would appear that ozone, which is the more potent oxidizing 
agent of the two, functions as a more general oxidizing agent than chlorine. 
Whether the mechanisms of kill are similar to those for chlorine cannot be 
said, but there does appear to be a considerable difference in the kinetics of 
kill. Various researchers have noted that a critical dose level is required 
before any significant kill is effected. After attainment of a critical level, 
dieoff is extremely rapid. The all-or-none effect is shown in Fig. 14-4. It is not 
known whether this type of kinetic result is a manifestation of a fundamental 
difference in kill mechanism or simply the exercise of an ozone demand of 
organic matter in the sample that is more readily attacked (oxidized) than are 
the reduced functional groups of the organized organic matter making up the 
living cells. It does not seem unreasonable to hypothesize that penetration to 
critical internal sites may require more oxidizing power than that needed to 
inactivate reduced functional groups inside the cell. This might account for 
the apparent threshold resistance followed by rapid dieoff. Hypotheses such 
as this and others that could be formulated are necessary exercises in the 
design of experimentation, but they are fruitless without the ensuing experi¬ 
mental research. Research on the mechanism of killing by ozone should be 
forthcoming. The recent concern over the biological effects of such general 
toxicants as chlorine, as well as the effects of their possible by-products on 
higher organisms, should emphasize the scientific and engineering wisdom of 
knowing considerably more about the mechanisms of action of the chemical 
toxicants that we add to water in the interest of public health. 
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Figure 14-4 Comparison of the 
kinetics of killing by chlorine and 
ozone. (A) Surviving fraction of E. 
coil as a function of chlorine or ozone 
concentration; contact time 16 min at 
1°C. (From Fetner and Ingots , 1956.) 
( B ) Surviving fraction of F2 virus as a 
function of chlorine or ozone con¬ 
centration: contact time 15 min at 15 ± 
2°C. (Adapted from Longley, et at., 
1974.) 
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Disinfection with Ultraviolet Light 

Although radiant energy, e.g., ultraviolet light, has not been used widely to 
disinfect water supplies, more is known of the possible mechanisms of action 
of various electromagnetic radiations than of those for the chemical disin¬ 
fectants chlorine and ozone. There are two major reasons for the greater 
interest in the study of the biological effects of radiant energy, both the 
nonionizing types, such as UV light, and ionizing radiation, such as x-rays. 
First, the discovery that they can cause mutations makes them valuable 
scientific tools in the study of genetics. Second, the knowledge that atomic 
explosions generate considerable ionizing radiation provides ample environ¬ 
mental concern in a world that could destroy its own life-support system (and 
indeed most of the need for one) by the exercise of faulty sociotechnological 
and political decisions. Thus, scientific interest is engendered, and the 
seriousness of the situation with respect to radiation generates public financial 
support to pursue the scientific interest. 

Radiant energy is dependent on wavelength A (see Fig. 14-5). A photon of 
UV light contains less energy and penetrating power than do shorter waves 
such as x-rays, which cause atoms in biological materials to ionize. Ionizing 
radiation causes an atom to lose an electron, which leaves it positively 
charged. The electron becomes associated with a neutral atom, causing it to 
become negatively charged, and an “ion pair” is formed. Since the rear¬ 
rangement of electrons in atoms changes their bonding structure (see Chap. 
3), the molecular structure of the cell can undergo alteration. Severe doses 
cause lethal changes, and less severe doses may cause alterations in various 
functional molecules, notably in nucleic acids, leading to mutations. 
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Figure 14-5 Partial spectrum of electromagnetic wave energy. Electromagnetic waves travel at the 
speed of light, i.e., C = 186,000 mi/s. The waves contain discrete amounts of energy called quanta 
(photons). The energy contained in each photon is dependent on the length of the wave A or its 
frequency of oscillation v, which are related as follows: 


v 


C 

A 


(14-7) 


Thus the energy of a quantum or photon E is given as follows: 


E = 


hC 

A 


= hv 


(14-8) 


In Eq. (14-8), h is Planck’s constant, 6.62 x 10 27 erg s. 
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Figure 14-6 Thymine dimer. Ultraviolet light causes 
the formation of thymine dimers in DNA. Cytosine- 
cytosine and cytosine-thymine dimers also may be 
formed. Less information is available on the in¬ 
activation of RNA by UV light, but uracil dimers have 
been produced in RNA. 


Two general theories for the effect of ionizing radiation are yet to be 
resolved. One attributes the molecular change to a direct hit of a target 
molecule by a photon, the target theory. Another theory holds that some 
nonspecific material in the cell, e.g., water, is broken down by the photon, 
releasing free radicals, the free-radical theory. The free radicals may form 
peroxides, which could set up harmful chains of oxidation-reduction reac¬ 
tions. 

Ultraviolet light does not penetrate matter as well as do x-rays or other 
ionizing radiations, but many of its effects are similar to those of x-rays. 
Ultraviolet light causes damage to nucleic acids. It produces thymine dimers 
in DNA (see Fig. 14-6). The bonding of the pyrimidine bases produces a 
spatial change in the strand, which hampers DNA replication and increases 
the chances for copying errors, i.e., mutations. 

Whereas ionizing radiation causes irreversible damage, some cells can 
recover from the effects of UV radiation. Exposure of the cells to light of 
wavelength longer than UV light often reverses UV radiation damage. Such 
photoreactivation can be brought about by irradiation in the wavelength range 
of visible light, A = 400 to 800 (see Fig. 14-5), provided it occurs shortly after 
the UV irradiation has taken place. An enzyme activated by visible light splits 
the dimers. Some cells may be reactivated by incubating them in a growth 
medium at suboptimal temperatures. Various chemical treatments can also 
bring about reactivation, while exposure to visible light prior to radiation with 
UV light can decrease injury to the cell. Reactivation is also affected by 
environmental conditions such as pH and temperature. Spores and slowly 
growing cells are less affected by UV light than are vegetative and rapidly 
growing cells. Since UV acts primarily on DNA, there may be no time for 
repair mechanisms to be put into effect when cells are rapidly replicating, 
whereas for the less active cells, resistance to UV may be a measure of the 
effect of the operation of repair mechanisms. While it seems generally 
inadvisable to consider wide application of ionizing radiation for the disin¬ 
fection of water supplies, the use of ultraviolet light offers a disinfection 
method with perhaps the least potential hazardous consequences to public 
health. However, it is a rather expensive, energy-intensive method of disin¬ 
fecting water, and it leaves no residual disinfecting power. Also, the efficiency 
of UV irradiation depends on the type and amount of organic matter in 
solution, and it is best used on waters that are relatively free of organic 
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matter. At present, its use in the United States appears limited to small 
installations, some industrial supplies, and the disinfection of swimming 
pools. 

UV irradiation is effective against many types of microorganisms. The kill 
depends on the intensity of the irradiation and the thickness of the film of 
water that is irradiated. Energy output of UV lamps is generally rated in 
milliwatt-seconds per square centimeter (mWs • cm -2 ). Commercial lamps 
usually emit 25 to 30 percent of their energy at the most effective wavelength 
of 254 nm. Usually, more intense radiation is required for larger, more 
complicated types of organisms. For example, under the same conditions, the 
inactivation of protozoa requires approximately 10 times the UV dose 
required for the inactivation of bacteria or viruses. 

In general, disinfection of water supplies is one of the most important unit 
processes in the environmental field, and it will become even more important 
with increased reuse of treated wastewater. Chlorination, ozonation, and UV 
radiation appear to be the most potentially useful general tools for such 
purposes. Ozone appears to have dual utility as a tertiary process for 
oxidation of residual organic matter as well as a water supply disinfectant. 
Also, it can be used as one of the pretreatments for chlorination. Chlorination 
is the only one of the three methods that leaves residual protection in the 
distribution system. 


PROBLEMS 

14-1 Discuss the relative potentials of (1) the drinking water supply, (2) a disease carrier working 
in a restaurant kitchen, and (3) a batch of inadequately sterilized canned food as vectors for 
spreading an enteric disease. 

14-2 Methods for detecting and identifying enteropathogenic bacteria such as Shigella and 
Salmonella probably could be adapted for routine use in water analysis. Why is it preferable to 
use methods designed to detect and enumerate E. coli ? 

14-3 List several problems involved in developing routine analyses for enteric viruses in water. 
14-4 Are estimates of the concentrations of enteric bacteria and viruses in water more likely to 
be underestimates or overestimates? Give reasons for your answer and discuss its implications 
with regard to setting standards for drinking water quality. 

14-5 A sample of water contains 10 coliforms per milliliter. If five 0.1-ml portions of the water 
are inoculated into tubes of lactose broth, how many of the five tubes would be expected to give a 
positive result? 

14-6 In a standard multiple-tube coliform analysis, five tubes each are inoculated with 10-ml 
portions, 1-ml portions, and 0.1-ml portions of a water sample. Gas is found after 48 h in four of 
the tubes receiving 10 ml of water, two of the tubes receiving 1 ml of water, and none of the 
tubes receiving 0.1 ml of water. Use the MPN tables provided in Standard Methods (page 924), 
14th ed.) to determine the most probable number of coliforms (MPN index) in the water sample. 
Does this water meet the criterion for safe drinking water? 

14-7 As a class project, debate the advisability of disposing of treated sewage and excess sludge 
on land. Find and read publications supporting both sides of the question. Decide what, if any, 
restrictions should be placed on such disposal. 
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14-8 Phenol is sometimes used as a disinfectant for instruments and utensils. Assume you make a 
plot of log phenol concentration versus log time for 99 percent kill with a certain suspension of 
cells. 

(a) A straight line is developed, and from the slope you calculate n =4. It is known that a 
10 mg/L solution of phenol will kill 99 percent of the organisms in 2 min. How long would it take 
for a solution of 2 mg/L of phenol to give 99 percent kill? 

( b ) For HOC1, you find that n = 1.5 toward the same cell suspension, and it is found that 
0.5 mg/L of HOC1 produces 99 percent kill in 2 min. How long would it take for a solution of 
0.1 mg/L to give 99 percent kill? 

(c) What can one conclude regarding the effects of dilution on the killing power of phenol 
versus HOC1? 

(d) If in part (b) the time of contact were increased to 30 min, what concentration of HOC1 
would provide 99 percent kill? 

(e) 1 • view of your answer to (d), can you see why the maintenance of even a trace of free 
chlorine residual in the outer reaches of the water distribution system offers some positive 
protection from microbial contamination? 

14-9 In either a water supply treatment plant or a wastewater treatment plant, why should 
disinfection be the last process before releasing the treated water? 

14-10 (a) Distinguish between free chlorine residual and combined chlorine residual. 

(b) Discuss break-point chlorination. 

14-11 Discuss the pros and cons of chlorine and ozone as disinfectants for water supplies; for 
wastewaters. 

14-12 Ultraviolet light causes the formation of thymine dimers. Using your text and other 
references, discuss why this leads to mutations. 
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GLOSSARY 


Absorption A process by which chemical compounds are transferred from 
one phase into another phase, e.g., the absorption of molecular oxygen 
from the atmosphere into a body of water. 

Activated sludge A heterogeneous biomass consisting of a variety of micro¬ 
organisms, primarily bacteria, that are cultured for the purpose of remov¬ 
ing organic substrates and certain inorganic constituents from waste- 
waters by metabolic uptake and growth of the sludge on the materials in 
the wastewater. Usually the organisms exist in flocculent masses that will 
settle under quiescent conditions. There is one modification of the 
activated sludge process (dispersed aeration) in which no attempt is made 
to operate the system so as to encourage flocculation. However, this 
process is not widely used, and it is proper to associate microbial 
flocculation with the development of an activated sludge. 

Active fraction The fraction of a biomass that is capable of metabolizing the 
substrate. The cells may be viable or nonviable. The ratio of the mass of 
the metabolically active mass to the total mass of volatile suspended 
solids is the active fraction. 

Adsorption A surface phenomenon in which colloidal material and soluble 
compounds carrying an electric charge are held to the surface of an 
adsorbent material such as activated carbon. 

Advanced waste treatment The removal of noncarbonaceous materials such as 
excess phosphorus and nitrogen. The term implies treatment beyond 
secondary treatment, and advanced treatment is most effective after the 
organic matter has been removed. 

Anabolism The biosynthetic reactions by which new cell material is produced. 
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Assimilation capacity The ability of a body of water that receives waste 
components to permit the aerobic metabolism of the waste to proceed 
without limitation due to oxygen supply. 

Autodigestion A decrease in the amount of biomass due to metabolism of 
cellular components or storage products. In a heterogeneous microbial 
population, autodigestion may include both endogenous metabolism and 
predatory activity, i.e., utilization of some cells as food material by other 
cells. 

Autotroph An organism that uses carbon dioxide as its source of carbon for 
the synthesis of cell material. 

Auxotroph An organism that requires one or more organic growth factors, 
e.g., amino acids, that it cannot synthesize. An auxotrophic mutant is one 
that has lost the ability to synthesize a metabolic product that can be 
synthesized by the wild-type (prototrophic) parent. 

Batch system A system that is not fed continuously. A batch system may be 
one in which a volume of medium is inoculated with cells that are allowed 
to grow without further addition of nutrients. A “fill-and-draw” system, in 
which a fraction of the culture is removed at regular intervals, e.g., once 
daily, and replaced with fresh nutrient medium, is also considered to be a 
batch system. In both cases, growth occurs in an environment in which 
the concentrations of nutrients are continually decreasing. 

Biological constant (biokinetic constant) A velocity constant or a propor¬ 
tionality factor used to describe the rate or total amount of growth in a 
biological system. Such constants are affected by environmental con¬ 
ditions such as pH, temperature, and chemical composition of the growth 
environment, and they are characteristic of the microbial species. 

Biomass A heterogeneous microbial population, such as an activated sludge 
or a trickling filter slime. 

Biosphere Those regions of the earth, i.e., the land (lithosphere), water 
(hydrosphere), and air (atmosphere), that constitute the life-support sys¬ 
tem of plants and animals. 

Carbon source An organic or inorganic compound from which organic con¬ 
stituents of the cell are synthesized. 

Catabolism Metabolic reactions by which a substrate is degraded to simpler 
compounds, yielding energy and usually also building blocks for synthetic 
reactions. 

Catabolite repression The process by which synthesis of the inducible 
enzymes of a catabolic pathway is prevented when both the substrate 
(inducer) for the pathway and another preferred substrate, often glucose, 
are available to the cell. 

Cell recycle The return of a concentrated biomass to a continuous flow 
reactor. 

Centrifugation A process wherein gravitational force in excess of natural 
gravity is maintained due to rotary motion. 

Chemotroph An organism that uses a chemical energy source. 
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Chlorine demand An amount of chlorine that must be administered to a 
sample containing microorganisms and organic and inorganic chemicals 
before free chlorine can be detected in the aqueous sample. 

Clarifier A settling tank. 

Completely mixed system A hydraulic regime in which the components 
flowing into a continuous flow reactor are instantaneously mixed with the 
contents of the reactor. 

Contact stabilization A modification of the activated sludge process in which 
the wastewater is held in contact with a very high concentration of 
activated sludge for a short period of time. This is followed by quiescent 
settling and reaeration of a portion of the sludge prior to its recycling. 

Continuous flow system A biological system in which the feed substrates are 
fed to the reactor continuously. Usually the system is operated at a 
constant volume so that the rate of outflow is equal to the rate of inflow. 

Control parameters Factors used in the design and operation of a process to 
control the rate of the process. For example, mean hydraulic retention 
time, hydraulic recycle ratio, and concentration of sludge in the recycle to 
an activated sludge process are control parameters for the system. 

Denitrification A biological process in which nitrate and nitrite are reduced to 
nitrogen gas. Denitrification plays a vital role in the nitrogen cycle, and it 
is an important engineering process for the removal of nitrogen from 
wastewaters. 

Disinfection The application of microbicidal chemicals to materials (surfaces 
as well as water), which come into contact with or are ingested by humans 
and animals, for the purpose of killing pathogenic microorganisms. 

Electron acceptor A chemical entity that accepts electrons transferred to it 
from another compound. It is an oxidizing agent that, by virtue of its 
accepting electrons, is itself reduced in the process. Oxygen is the 
terminal electron acceptor in aerobic metabolism. 

Electron carrier A molecule that accepts electrons (is reduced) and passes 
them to another carrier or to a final electron acceptor. NAD, nicotinamide 
adenine diphosphate, is the most common electron carrier in biological 
oxidations. 

Electron donor A compound or element that furnishes electrons for reductive 
reactions. Electron donors are especially important for autotrophs that 
must reduce carbon dioxide to synthesize cellular components. 

Endogenous Internal; e.g., an endogenous substrate is one present within the 
cell, often a stored product of cellular metabolism. 

Endogenous respiration The oxidation of internal carbon resources in a cell. 
The term is also used to describe the process of autodigestion in a 
microbial population. 

Energy source Light or an oxidizable compound or element utilized by the 
cell in the synthesis of ATP. 

Enteric microorganisms Bacteria, viruses, and protozoa that multiply in the 
intestinal tract and are excreted in the feces. 
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Eucaryotic cell A cell with a true nucleus and other internal organelles 
bounded by unit membranes. 

Eutrophication The enrichment of a body of water with various nutrients, 
particularly nitrogen and phosphorus, which can lead to excessive growth of 
algae. 

Exogenous External to the cell; e.g., an exogenous substrate is one that is 
available in the environment of the cell. 

Extended aeration process A modification of the activated sludge process in 
which all of the sludge from the secondary clarifier is returned to the 
aeration chamber. The process is intended to achieve total oxidation of 
both the inflowing waste and the biomass produced in the process. 

Facultative Used to describe organisms that are able to grow in either the 
absence or presence of a specific environmental factor; e.g., a facultative 
anaerobe can grow in the presence or absence of oxygen. 

Feedback inhibition Control of a biosynthetic pathway through inhibition of 
the activity of the initial enzyme of the pathway by the product of the 
pathway. 

Fermentation Energy-yielding metabolism in which there is no electron 
transport system or inorganic external electron acceptor. The substrate is 
oxidized and the electrons removed are accepted by organic metabolic 
intermediates. No net oxidation occurs. Substrate level phosphorylation is 
the sole mechanism of ATP synthesis. 

Filtration Passage of an aqueous or gaseous carrier, water or air, through a 
porous medium (sand, charcoal, etc.) for the purpose of trapping un¬ 
desirable materials, usually in suspension, in the water or air. 

Flocculation A process by which colloidal materials, living or inanimate, are 
brought together and held in a clumped or aggregate form, which is larger 
and heavier than the individual particles. Flocculation may come about in 
the natural course of a process (autoflocculation), or it may be enhanced 
by the addition of chemicals or fiocculent aids (chemical flocculation). 
Autoflocculation of microorganisms is a vital biological unit process and 
is not yet fully understood. 

Flotation The process in which immiscible liquid particles, such as grease and 
oil, or particulate solids, such as clays or bacteria, are separated from 
aqueous suspension due to a density difference. The materials may be 
naturally flotable, e.g., oils, or they may be entrapped in or transferred to 
rising minute gas bubbles, which are added to the fluid for this purpose 
(pressure filtration) or are formed in the liquid due to the creation of a 
vacuum above the liquid (vacuum filtration). 

Heterogeneous microbial population A microbial population, for which the 
initial seed was obtained from some natural source expected to contain a 
diversity of microorganisms, developed in a system in which no attempt is 
made to control the species present other than the selection imparted by 
the environmental or operational conditions under which the cells are 
being grown. (Note: Ecologists define a population as a collection of 
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individuals belonging to a single species; however, the term as defined 
above is widely used in the pollution control literature.) 

Heterotroph An organism that requires organic material as its source of 
carbon for making cell materials. 

Induction The process by which synthesis of the enzymes required to 
metabolize a substrate is initiated by the inactivation of a repressor. The 
substrate acts as inducer and binds to the repressor. 

Lagoon An earthen holding pond for wastewater, usually used for biological 
treatment of the waste. Lagoons may be mechanically aerated (aerated 
lagoons), they may be designed to operate by biological aeration (oxida¬ 
tion ponds), or they may be designed to enhance anaerobic metabolism 
(anaerobic lagoons). 

Lithotroph An organism that uses an inorganic electron donor. 

Logarithmic growth The phase of growth in which the time required for 
doubling of the cell mass is constant. 

Maintenance The use of a portion of the exogenous substrate for purposes 
other than growth, i.e., the use of substrate simply to maintain the status 
quo or to maintain viability. The substrate used for maintenance may be 
considered also to be taken from internal or endogenous stores in the 
presence of an exogenous substrate. 

Mineralization The release of inorganic chemicals from organic matter during 
the process of aerobic or anaerobic decay. 

Monomolecular reaction A reaction in which one constituent undergoes a 
change, e.g., the diffusion of oxygen gas into a liquid or radioactive decay. 
Such reactions follow first-order reaction kinetics. 

Nitrification The oxidation of ammonia to nitrite and nitrate by chemolitho- 
trophic bacteria such as Nitrosomonas and Nitrobacter. 

Nitrogen fixation The reduction of nitrogen gas, N : , to the level of ammonium 
ion. The term usually refers to the biological process performed by 
nitrogen-fixing microorganisms; however, a large amount of nitrogen gas 
is reduced to ammonia by the chemical industry. 

Once-through system A continuous flow reactor system in which the flow of 
material passes through the system only once; there is no recycle. 

Organotroph An organism that uses an organic compound as the electron 
donor. 

Oxidation pond An aerobic lagoon (see Lagoons) that is maintained in the 
aerobic state by the biological (photosynthetic) production of oxygen. 

Oxidative phosphorylation The synthesis of ATP coupled to electron trans¬ 
port in an organism using an organic or inorganic compound as energy 
source. 

Pathogen A microorganism capable of causing disease or damage when it 
infects a host. 

pH A means of expressing the hydrogen ion concentration in water. It is the 
negative logarithm of the molar concentration of hydrogen ion. pH values 
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below 7 are considered to be acid, whereas pH values from 7 to 14 are 
considered to be alkaline. 

Photophosphorylation The synthesis of ATP coupled to electron transport in 
an organism using light as energy source. 

Photosynthesis The conversion of light energy to chemical energy and use of 
the chemical energy to form organic matter from carbon dioxide. 

Phototroph An organism that uses light as energy source. 

Plug flow system A hydraulic regime in which the components flowing into a 
reactor experience little or no mixing as they proceed through the reactor 
from inlet to outlet. 

Primary treatment The removal of separable materials from wastewaters by 
sedimentation. 

Procaryote A cell that does not contain a true nucleus. Procaryotic micro¬ 
organisms include bacteria and blue-green algae (cyanobacteria). 

Prototroph An organism capable of synthesizing all of its cellular components 
from a single organic or inorganic source of carbon. 

Replication Synthesis of a copy. Cells replicate by increasing in size and 
dividing to produce two daughter cells identical with the original cell. 
Replication of DNA occurs when each of the two strands is used as the 
template for synthesis of a complementary strand, resulting in two 
double-stranded molecules identical with the original molecule. 

Repression The process by which the synthesis of unneeded proteins is 
prevented by preventing transcription of the genetic information that 
specifies their structure. 

Respiration The biological process by which organisms pass electrons to a 
terminal electron acceptor when they oxidize organic or inorganic sub¬ 
strates. During this process, energy is trapped in the form of ATP. Aerobic 
respiration refers to the use of molecular oxygen as terminal electron 
acceptor. Anaerobic respiration refers to the use of a compound other than 
oxygen as terminal electron acceptor, e.g., nitrate in the process of 
denitrification. 

Secondary treatment The removal of colloidal and soluble organic material 
from wastewaters. Settleable material is usually removed prior to secon¬ 
dary treatment. Secondary treatment processes are usually biological in 
nature, e.g., activated sludge or trickling filtration, but may be chemical 
and physical in nature. The term secondary treatment is sometimes used 
to indicate a certain level of removal of biochemical oxygen-demanding 
materials. 

Sedimentation The subsidence of particulate materials in aqueous suspension; 
the process usually takes place under quiescent conditions. 

Settling tank (clarifier) A tank or vat in which sedimentation or subsidence 
takes place. It may contain a scraper for removing flotables, a scum 
skimmer, and a mechanism in the tank bottom for scraping and removing 
the settleable material. 
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Shock loading Any of several types of abrupt change in the environment in a 
biological treatment process. The shock may involve a change in the 
nature of the waste (qualitative), in its concentration (quantitative), in its 
rate of flow .(hydraulic), or in other characteristics such as pH, tem¬ 
perature, or concentration of toxic components. 

Sludge disposal Various processes for the terminal disposition of sludges 
created during the treatment of wastewaters. 

Sludge treatment Various processes for reducing the volume and putres- 
cibility of sludges developed from the treatment of waters and waste- 
waters prior to ultimate disposal of the sludge. 

Stabilization basin A lagoon (see Lagoons) that is lightly loaded with organic 
matter, for example, the stabilization basins that follow secondary treat¬ 
ment. They may be used for timed discharge of the treated effluent to the 
receiving stream. 

Steady state A condition in which the rate of change of parameters of interest 
in describing a process is 0; i.e., dcldt = 0. 

Storage products Organic or inorganic metabolic products that are stored 
within living cells. 

Stripping The removal of gaseous materials from solution in waters and 
wastewaters. The term also applies to the removal of volatile, but not 
necessarily gaseous, compounds from wastewaters. 

Substrate level phosphorylation A process of ATP formation that does not 
involve electron transport. The oxidation of a metabolic intermediate is 
coupled to its phosphorylation by inorganic phosphate, and the phosphate 
group is then used to phosphorylate ADP. 

Tertiary treatment Treatment to remove traces of organic matter causing a 
biochemical oxygen demand that were passed through from the secondary 
treatment process. 

Transcription Synthesis of a strand of RNA complementary to the DNA 
strand used as a template. 

Translation The process of protein synthesis. The information for amino acid 
sequence coded in the DNA is transcribed into RNA and then translated 
into a protein molecule. 

Trickling filter A biological secondary treatment process in which the 
biomass grows in attached form on various solid media such as rock, 
wood slats, or plastic forms. The wastewater “filters through” the media, 
and the waste components are removed by the attached slime. 

Unit operation A means of wastewater purification that does not involve 
chemical reaction. Examples are sedimentation, flotation, aeration, and 
centrifugation. 

Unit processes Methods of treating water or wastewater that involve chemical 
reaction. Examples are biological treatment processes such as activated 
sludge and trickling filtration, nitrification, denitrification, microbial 
autoflocculation, chemical flocculation, and chemical precipitation (e.g., 
precipitation of calcium and magnesium). 
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Viable population The portion of a biomass that is capable of replication. 

Volatile solids The portion of a sample of dried matter that will be released as 
gas after a specified time at a standard elevated temperature. This 
procedure is used for determining the amount of organic matter in a 
sample. 
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BOD 


c 


C 

c s 


c, 


COD 


The biochemical oxygen demand, measured as the amount of 
oxygen used for respiration during the aerobic metabolism of an 
energy source by acclimated microorganisms. Carbonaceous BOD 
is a measure of the amount of oxygen used during the metabolism 
of an organic substrate and represents the amount of ACOD that 
has been oxidized biologically at any time. Nitrogenous BOD is a 
measure of the amount of oxygen required for the biological 
oxidation of inorganic nitrogen compounds (nitrification). 

weight x volume -1 

The cell concentration factor; the ratio of the concentration of cells 
in the recycle X R to the concentration of cells in the reactor X; 
c = X R IX. It is used as a control parameter in Herbert’s treatment 
of continuous culture theory for completely mixed cell culture 
systems. 

Coulomb, coulombs. 

The saturation value for dissolved oxygen under the prevailing 
operational conditions during a reaeration experiment. 

weight x volume -1 

The concentration of dissolved oxygen at any time t during a 
reaeration experiment. 

weight x volume -1 

Chemical oxygen demand; the amount of oxygen required to 
oxidize the organic matter in a given sample under the best 
possible analytical conditions for maximum oxidation of the 
organic matter to carbon dioxide and water. The theoretical COD 
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COD, 


COD, 


CODo 

ACOD 


ACOD, 

CV 

D 


D c 


D, 


D] 

DO 


DO, 


(COD th ) is the COD that can be calculated from a balanced equa¬ 
tion for total oxidation of the organic matter to carbon dioxide and 
water; for this, the empirical formula for the organic matter must 
be known, 

weight x volume -1 

The soluble COD in the effluent from a continuous flow reactor. 
The same symbol is used to designate the concentration of COD 
remaining at the end of a batch experiment. 

weight x volume -1 

The concentration of soluble COD in the influent to a continuous 
flow reactor. 

weight x volume -1 

The initial concentration of COD in a batch experiment. 

weight x volume -1 

The maximum difference obtainable between the initial and final 
COD in a batch experiment in which the organic matter has been 
contacted with an acclimated biomass; ACOD = COD 0 — COD,. 
ACOD is a measure of the metabolizable carbon source expressed 
in terms of oxygen demand. 

weight x volume -1 

The difference between the initial COD and the COD remaining at 
any time t in a batch reactor. 

weight x volume 1 


Coulomb-volts. 


Dilution rate; ratio of the rate of inflow F to the volume of reaction 
liquor V in the bioreactor. It is equal to the reciprocal of the mean 
hydraulic residence time t in a once-through completely mixed 
reactor; D = F/V = 1 It. 

time -1 


The critical dilution rate; the dilution rate at which cells will be 
washed out of a continuous flow reactor. 

time -1 

The dissolved oxygen deficit at any time t; D, = C s - C, 

weight x volume -1 

Dilution rate referred to the reactor in a cell recycle system. It js 
always greater than D by a factor of (1 + a); D, = D(1 + a) = l/t\. 

time -1 

Dissolved oxygen; the concentration of molecular oxygen dis¬ 
solved in a liquid sample. 

weight x volume -1 

The initial concentration of dissolved oxygen in a batch experi¬ 
ment. It is also used to designate the dissolved oxygen concen- 
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DO, 


F 

F r 

F w 


g 

AG 
A G° 


AH 

AH° 

k' 

K a 

k d 


K, 


K m 


tration in a receiving stream at the point of entry of a source of 
pollution. 

weight x volume -1 

The dissolved oxygen concentration at a given time t. 

weight x volume -1 

Hydraulic inflow rate for the feed stream containing the substrate. 

volume x time -1 

Hydraulic flow rate of biomass recycled to a bioreactor. 

volume x time -1 

The flow rate of excess sludge (underflow) from a cell separator 
(clarifier); the underflow taken away from the reactor-clarifier 
system, i.e., does not include the cell recycle flow F R . 

volume x time -1 

The generation time; the time required for the number of viable 
cells to double. 

time -1 


Change in free energy for a given reaction. 

kcal x mol -1 

Change in free energy for a given reaction referred to specified 
standard conditions, i.e., temperature of 298 K, 1 atm pressure, and 
reactants at initial concentrations of 1.0 molar. 

kcal x mol 1 


Change in heat energy for a given reaction. 


kcal x mol 1 


Change in heat energy for a given reaction referred to standard 
conditions of temperature, pressure, and concentration. 

kcal x mol -1 


First-order, decreasing specific rate constant for cells undergoing 
autodigestion in a batch system. 

time -1 


Equilibrium constant for an ionization reaction. 

The maintenance or endogenous coefficient; the unit rate at which 
an exogenous substrate is used for purposes other than growth or 
the rate of autodigestion during growth. 

time -1 


The inhibitor constant; used in the Haldane expression for the 
effect of concentration of an inhibitory substrate on the specific 
growth rate. 

weight x volume -1 

The Michaelis-Menten constant; the substrate concentration at 
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which the velocity of an enzymic reaction is half the maximum 
velocity. 

weight x volume 

K s The saturation constant; the shape factor in the rectangular 

hyperbola form of the Monod relationship. It is defined as the 
concentration of the limiting substrate at which /a = 0.5p. ma x- 

weight x volume 1 

K 2 The reaeration rate constant for a reactor or a “reach” of river. 

The numerical value is calculated by using natural logarithms (base 

e) • . 

time 

k 2 Reaeration rate constant calculated using common logarithms (base 

10); k 2 = K2/2.3. 

time 

L 0 The total or ultimate amount of carbonaceous biochemical oxygen 

uptake (BOD) manifested for a given sample. 

weight x volume 1 

L, The biochemical oxygen demand which remains to be expressed at 

any time t. It is equal to the total amount of oxygen which will be used, 
L 0 , minus the accumulated oxygen demand already expressed; 
L, = L a - y t . 

weight x volume 

N The concentration of viable microorganisms. 

number x volume 1 

OD Optical density (absorbance); a measure of the absorbance of light 

from a monochromatic source. It is related to the fraction of light 
transmitted (transmittance T) as follows: OD = log(l/T). It is a 
useful measurement for the growth of dispersed cells when cor¬ 
related to concentration X. 

A0 2 The amount of oxygen utilized in a given time interval; A0 2 = 
DO, - DO,. 

weight x volume -1 

S A general symbol for microbial substrate; usually designates an 

organic carbon source. Often, as in the Monod equation, it desig¬ 
nates the growth-limiting nutrient, e.g., carbon or nitrogen source. 

weight x volume -1 

S e The concentration of the substrate in solution in a completely 

mixed reactor, or in the effluent from a completely mixed reactor 
or from the cell separator when a system is operating in steady 
state. 

weight x volume 1 
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s, 

s r 

S R 

So 

AS 

T 

t 

t 


td 


fi 


TOC 


TOD 


ATOC 

ATOD. 


Inflowing concentration of substrate in a continuous flow reactor; 
usually refers to the carbon source. 

weight x volume -1 

Substrate concentration that has been removed; also designated by 
the symbol AS. 

weight x volume -1 

Substrate concentration in the recycle to an activated sludge 
system. 

weight x volume -1 

The initial concentration of substrate in a batch experiment. 

weight x volume -1 

Change in entropy, which is the capacity of a system for containing 
energy unavailable for doing work. 

kcal x mol -1 


Temperature measured on the absolute scale, i.e., in degrees 
centigrade plus 273. 

degrees 


Time. 


The mean hydraulic retention time in a biological reactor. It is the 
reciprocal of the dilution rate D 

time 


The time required for the biomass concentration X to double. The 
doubling time is constant in an exponential growth phase. 

time 


The mean hydraulic retention time referred to the reactor in a cell 
recycle system. It is always less than t by a factor of 1/(1+a); 
C = l/[D(l + a)]. 

time 


Total organic carbon; the amount of carbon in the organic matter in 
a given sample; the carbon released as carbon dioxide when a 
sample is oxidized under conditions assuring maximum oxidation 
of the sample. The theoretical TOC can be calculated if the 
empirical formula for the organic matter in the sample is known. 

weight x volume -1 

Total oxygen demand; the amount of oxygen required to oxidize 
the organic and inorganic materials in a sample under specified 
conditions. The conditions vary, depending on the proprietary device 
used. In some, the oxidizing conditions are such that inorganic 
nitrogen, for example, is partially oxidized. 

weight x volume 1 

These terms are similar to ACOD except that TOC or TOD is used 
for initial and final measurements. 


weight x volume 1 
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u 


V 


v 


X 

x e 


X R 


X, 


x w 


x; 


Xo 

AX 


The specific rate of substrate utilization, i.e., the rate of substrate 
utilization per unit concentration of cells; U = (dSldt)(\IX), or 
(AS/AtXl/X). 

time ' 

Volume of mixed liquor undergoing reaction; the effective volume 
of a fluidized bioreactor; does not include freeboard. 

volume 

Velocity or rate of reaction, e.g., rate of increase in cell mass, 


Biomass concentration; can be expressed as the concentration of 
total suspended solids or volatile suspended solids. 

weight x volume -1 

Biomass concentration in the effluent of a clarifier or cell separator. 
The same symbol is also used for biomass concentration at the end 
of a batch experiment. 

weight x volume -1 

The concentration of cells in the recycle flow to a reactor system 
for which cell recycle or cell feedback is practiced. It is used as a 
control parameter in Gaudy’s treatment of continuous culture 
theory for completely mixed cell culture systems. 

weight x volume -1 

The concentration of biomass (cells) present at any time t in a 
batch experiment. 

weight x volume -1 

In calculating the amount of excess sludge X w , the mass rate of 
cells in the clarifier overflow (effluent), X e (F — F w ), should also be 
included. This is usually done in making accurate mass balances 
for the system; however, it is not included for purposes of estimat¬ 
ing the amount of excess sludge produced at the reactor site [see 
Eqs. (6-83) and (6-84)]. 

weight x time 1 

The amount of excess sludge from a continuous flow growth 
system; the weight of the cells in the underflow from the clarifier 
that is in excess of that needed to supply the cells for recycle. It is 
usually given as the mass rate of cell output, i.e., the product of the 
concentration of cells in the clarifier underflow and the rate of flow 
of excess sludge F w . 

weight x time -1 

The initial biomass concentration in a batch experiment. 

weight x volume -1 

The difference between the amounts of initial biological solids and 
biological solids at any time due to growth in a batch experiment. 

weight x volume -1 
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Y Biomass yield; the weight of cells produced per weight of substrate 

utilized, i.e., the fraction of substrate converted to cells. 

y The accumulated oxygen uptake or biochemical oxygen demand 

(BOD) expressed during metabolism of an organic carbon source. 

weight x volume -1 

Y 0 The observed cell yield. It is related to the true cell yield Y, by the 

equation Y a = Y,(jlJijl. 

Y, The true or maximum cell yield; the cell yield undiminished by 

autodigestion or substrate used for cell maintenance. Y, = AX/AS 
when the cells are growing at or close to the maximum specific 
growth rate p. max . 

y, The accumulated oxygen uptake or biochemical oxygen demand 

expressed at any time /. Under standardized conditions the oxygen 
used in 5 days, y 5 or BOD 5 , is employed to assess the pollutional 
strength of a wastewater. 

weight x volume -1 

Y tB True or maximum cell yield obtained in a batch experiment when 

the cells are growing near the maximum specific growth rate p. max . 

Y, c True or maximum cell yield obtained from a “maintenance plot” of 

data from a continuous culture experiment. Y, B and Y, c are expec¬ 
ted to be equal, provided comparable analytical measurements are 
used in the batch and continuous flow systems. 

a Hydraulic cell recycle ratio, F/F R . 

H The specific growth rate; p. = (dX/df)(l/X). 

time -1 

P-max The maximum specific growth rate of which a biomass is capable 
under specified conditions of temperature and pH in the absence of 
any restriction on growth rate by limiting nutrient concentrations, 
e.g., oxygen, nitrogen, or carbon source. 

time -1 

ix n The net specific growth rate for a biomass. It is equal to the 

specific growth rate minus the maintenance coefficient; = ^ - k d . 

time -1 

© c The sludge age or mean sludge retention time; the reciprocal of /a„. 

time 
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Auxotroph. 196-197 


Bacteria: 
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budding. 367 

chemoautotrophic. 351-359 

chemolithotrophic. 351-359 

colorless sulfur. 353-356 
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curved. 368-369 

cyanobacteria. 346- 347 
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standard BOD.-, test for. 216-217 
of treated effluent. 497-504 
consideration in design calculations. 500-501 
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Biochemistry, unity of, 384-387 
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viable cells. 228-230 
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Biosorption process. 457 -459 
and discharge of nitrogen. 458, 461 
Biosynthesis, control of. 587-589 
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Biosynthetic precursors. 412 
Biuret test for measurement of protein. 115 
Blooms: 
algal. 338. 346 
of cyanobacteria. 347 
of sulfur bacteria. 349 

Blue-green bacteria (algae) (see Cyanobacteria) 

BOD (see Biochemical oxygen demand) 

Bonds, chemical. 65-73 

in biochemical compounds. 71 
Bubonic plague. 372 
Budding bacteria, 367 
Buffers. 80-81 

Henderson-Hasselbach equation for. 80 
Bulking sludge. 153- 154. 365. 449-450. 566 
remedial measures for. 450-451.485 
Butanediol. formation of. 535-536 
Butanediol fermentation. 535, 545 
and Voges-Proskauertest. 371-372 
Butylene glycol fermentation, 535. 545 
Butyric acid, formation of. 538-540 
Butyryl-CoA: 

in butyric acid formation. 539 

conservation of thiolester bond energy of. 538. 540 


Calorie. 310 
Calvin cycle. 409-411 
Capsule: 
algal, 154 

of Cryptococcus neoformans . 151 
eucaryotic. 151 
metabolism of, 420. 482 
procaryotic. 166, 167 
Carbohydrates: 

aerobic metabolism of. 418-421 
analytical determination of. 98-99 
mutarotation of. 91 -92 
protein-sparing effect of. 421-422 
types and structures of. 85-98 
derivatives of monosaccharides. 92-93 
disaccharides, 92-95 
monosaccharides. 86-91 
polysaccharides, 95-98 
Carbon: 

atomic model. 68 
atomic structure, 63 -64 
bonds between atoms of, 67-71 
flow in cell. 383 
source for growth. 197- 198 
total organic (TOC). 55 
Carbon cycle: 
and energy, 308-309 

role of anaerobic metabolism. 519. 551-553 
(See also Carbon-oxygen cycle) 

Carbon dioxide fixation: 
autotrophic. 409-411 
heterotrophic. 412-413 
Carbon-oxygen cycle: 
and energy, 335-336 
technological sybcycles in. 23-28. 24 
(See also Carbon cycle) 

Carriers: 

of electrons .313.315 
of phosphate, 313 
Catabolism, 382-386 
and carbon-oxygen cycle, 382-387 


Catabolism: 

central pathways of. 382-411 
Calvin cycle. 409-411 

Embden-Meyerhof-Parnas (EMP) pathway, 387-395 
Entner-Douderoff pathway. 406-408 
hexose monophosphate (HMP) pathway. 400-406 
relation to biosynthesis, 411-416 
tricarboxylic acid (TCA) cycle. 395-400 
universality of use of. 384-387 
use by anaerobes. 522-523 
of major classes of organic matter: in aerobic microor¬ 
ganisms. 418-432 

in anaerobic microorganisms. 521-523, 528-556 
mechanisms of control of. 589-593 
(See also Metabolism) 

Catabolite activator protein. 59 Irc. 

Catabolite inhibition. 596. 606-607 
in continuous flow systems. 608-613 
and metabolic intermediates, 606. 612-613 
and specific growth rate. 607 
Catalase. 189 
Cell: 

elemental composition of. 59 
empirical formula for. 59 
Cell maintenance (see Maintenance energy) 

Cell wall: 

eucaryotic. 149-151 
function. 150 
procaryotic. 157-160 
Cell yield: 

data for heterogeneous populations. 239 
effect of sodium chloride on. 656-657 
as fraction of substrate removed. 237-240 
measurement. 237 
range. 240 
true. 237. 267-268 
determination of. 269 
Cellulose. 97.419-420 
Chemical oxygen demand (COD): 

ACOD as measure of usable substrate. 210-214 
conservation in anaerobic treatment. 561-564 
of microbial cells. 59 
residual (COD,.). 212-214 
theoretical, 57-58 
of treated effluents, 497-504 
Chemical-physical treatment of wastewater. 37-38 
Chemoautotrophy. 351 -359 
and use of organic compounds. 352-353 
Chemoheterotrophy. 359-377 
Chemolithotrophy. 351 -359 

and use of organic compounds. 352-353 
Chemoorganotrophy, 359-377 
Chemotrophy. 344. 351-377 
Chloramines. 694. 697 
Chlorination. 693-698 
break-point. 695 
chloramine formation. 694-695 
combined available chlorine, 694 

formation of chlorinated organic compounds. 693. 695-696 

free available chlorine. 694 

intermittent. 696 

kinetics of microbial killing, 700 

mechanism of action. 696-698 

postchlorination. 696 

prechlorination, 695 

reactions of chlorine with water. 694 

of sewage and treated effluent, 696 
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Chloroform in drinking water. 695-696 

Chlorophyll. 332 

Chloroplast, 148 

Cholera. 373, 666-667 

Chromosomes. 147-148 

Cilia, 151 

Ciliophora. 156 

Citrate synthase, 397 

Citric acid. 396-397. 414 

Citric acid cycle [see Tricarboxylic acid (TCA) cycle] 
Clarifier: 

flocculation of cells in. 445-451 
in kinetic models. 273 
primary, 36 

removal of substrate in. 276 
secondary, 41 
Clostridium: 

role in anaerobic metabolism of proteins. 548-550 
solvent production by. 538. 546 
COD (see Chemcal oxygen demand) 

COD test. 54 
Codon. 577-578 .577 
initiation, 578 
nonsense, 578 
termination. 578, 582 
Coenzyme Q. 323 
Coliforms: 

as indicators of fecal pollution. 671.675-676 
methods of assay. 676-683 
fecal coliforms. 681-682 
membrane filter, total coliforms. 681 
multiple-tube, total coliforms (MPN). 676-680 
problems. 682-683 
Colony counts, methods. 229 
Combustion, heat of, 54. 57 
Complete mixing, tests for. 255-258 
Completed test for total coliforms. 677. 679-680 
Confirmed test for total coliforms, 679 
Constant recycle ratio (c) as control parameter, 272- 286 
Constant X k as control parameter. 281-300 
Constitutive enzymes, 589 
Contact stabilization process, 457-459 
Continual shock loading. 620 
Continuous culture systems. 252-299 
with cell recycle. 271-299 
c as control parameter. 272-280 
design and operation. 291-300 
flow diagram. 272. 291 
mass balance equations. 273-277 
model equations. 282 
X R as control parameter. 281-286 
once-through, 258-271 

effect of cell maintenance, 264, 271 
mass balance equations, 259-260, 266 
model equations, 27/ 
reactor. 253, 259 

relation between S t and S e , 261-264 
Control genes (elements). 586 
Co-oxidation of hydrocarbons. 432 
Corepressor. 589 

Corrosion, biological. 25, 330. 355 
Coryneform bacteria. 376-377 
Coupled reactions. 135-138. 312-315. 318-319 
Covalent bond, 65-66 
coordinate. 66-67 
Critical dilution rate: 
in cell recycle system, 278 


Critical dilution rate: 

in once-through reactor. 261 
Crotonvi-CoA. 539 
Crown corrosion by ThiobaciUus. 355 
Cryptic growth. 473 
Curved bacteria. 368 
Cyanide. 653-655 
Cyanobacteria: 
akinetein. 169 
gas vacuoles in. 347 
habitats. 347 
heterocysts in. 169. 170 
metabolism. 346-347 
pigments. 169 
Cycle: 

carbon-oxygen. 4-8 
hydrologic. 2-4 
nitrogen. 8-10. 336-339 
phosphorus. 12-13 
sulfur. 10-12 
water. 2-4 

Cyclic adenosine monophosphate (c-AMP). 591-593 
receptor protein. 591 -593 
Cyclical shock load. 620. 635-636 
Cytochromes: 

in bacteria. 327-329 
in electron transport. 323-324 
and oxygen tension. 329 
Cytoplasm. 149 


Decay, aerobic. 5-7. 60-62 
Decay constant (see Specific decay rate) 
Dehydrogenases. 323 
Denitrification. 9. 336-339 
processes for waste treatment. 564-566 
and rising sludge. 339 
Denitrifying bacteria. 369. 374-375 
Deoxyribonuclease (DNase). 428 
Deoxyribonucleic acid (DN A): 
of procaryotes. 161-162 
replication of. 574 -575 
sense strand of. 575, 585-586 
structure of. 138- 142 
transcription of. 575-577. 576 
Derepression. 589 
Design: 

of activated sludge treatment .291- 300 
for operational flexibility. 275 
Desulfovibrio and sulfur cycle. 373-374 
Diatoms. 150. 154 
Diauxic growth. 591 .592 
effect of cell age. 606 
in heterogeneous populations. 603-606 
Dihydroxyacetone phosphate: 
in biosynthesis. 412 
in Calvin cycle. 409 
in EMPpathway. 388. 392 
Dilute-out curves: 

for 5 and X: in cell recycle system. 211-278. 284 
in once-through system. 263 -264 
for tracer. 255-258 .256 
Dilution rate: 

in cell recycle system. 274 
critical. 261.278 
in once-through system. 252-253 
referred to reactor in recycle system. 717 
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Dinoflagellates, 154 
1,3-Diphosphoglyceric acid: 
in Calvin cycle, 409 
in EMPpathway, 318, 388. 393 
Disaccharides: 
as reducing sugars. 95 
structure and formation, 92-95 
cellobiose. 94 
lactose. 94-95 
maltose, 93-94 
sucrose, 95 
Disinfectants: 
chlorine. 693-698. 700 
mode of action and applications. 691 
ozone. 698-700 
ultraviolet light, 701-703 
Disinfection, 685-703 
agents. 686 

factors affecting rate and effectiveness of. 687-692 
kinetics of, 687-689. 700 
mode of action of. 691 
of water supply, 33-34 
Dissolved oxygen: 
critical level, 191 

effects of varying concentrations of, 190-192 
profile, 217-223, 220. 488-492 
sag equation, 489 
{See also Oxygen uptake) 

DNA(»* Deoxyribonucleic acid) 

DNA-dependent DN A polymerase, 574-575 
Doubling time, 233 
Dysentery: 
amoebic. 363, 666 
bacterial. 372, 666 


Effector. 594 
Efficiency: 

of energy conservation: in fermentation, 319-320 
in mitochondria. 325 
of utilization of carbon and energy. 587 
Effluent from waste treatment: 
disposal on land, 672-674 
substrate concentration in. 497-504 
predictive equations for, 282 
relation to influent concentration, 261, 286-290 
suspended solids in. 273. 498-501 
Electron, valence. 64 
Electron acceptors: 
in bacteria. 329-330 
in fermentation. 317 
in oxidation-reduction. 57 
in respiration. 317 
terminal, 316-317 
Electron carriers: 
in anaerobic bacteria. 330 
in bacteria. 327-329 
in electron transport, 323-325 
high-energy. 324 
redox potentials of. 325 
Electron donor: 
in oxidation-reduction, 57 
in photosynthesis, 332 
and reverse electron transport, 334-335 
Electron transport: 

advantage of alternate pathways for, 328-329 
anaerobic, 329-330 


Electron transport: 
in anaerobic respiration. 330 
in Azotobacter , 328 
in bacteria, 327-331 
branched systems. 321.328 
electron carriers in. 327-329 
components of chain, 323-324 
in Escherichia coli. 328 
in mitochondria. 322-327. 324 
to nitrate. 329 
in photosynthesis. 333 
reverse. 334-335 
Electrovalent (ionic) bond. 65 
Elements: 

atomic structure of, 63 
chemical bonds between, 65-73 
in microbial cells, 59 
in organic matter, 62-64 
Elongation factors in protein synthesis, 582 
Embden-Meyerhof-Pamas (EMP) pathway, 387-395 ,388 
in anaerobic metabolism, 523 
function in biosynthesis. 411-416, 412 
relation to other pathways. 396. 401, 405 -407 
substrate level phosphorylation in, 317-319 
summary of reactions. 394 

EMP pathway [see Embden-Meyerhof-Pamas (EMP) 
pathway] 

End-product inhibition. 594 
Endogenous metabolism. 209 
and autodigestion, 235-236, 472-487 
and cell maintenance. 264-271 
Endoplasmic reticulum, 148 
Energy: 

and carbon cycle, 308 
conservation in: aerobic metabolism, 325 
anaerobic processes, 561-564 
fermentation, 319-320 
and environment. 335-339 
free, 310-312 

generation in anaerobic metabolism. 519-520, 547 
and nitrogen cycle, 336-339 
requirement of microorganisms, 309 
Energy charge and regulation of catabolism. 595-596 
Energy source. 202 
Enolase. 394 

Enteric bacteria. 370-373 

differentiation by fermentation type, 371-372, 534-535 
diseases caused by. 372-373. 666-667 
nutritional requirements. 371 
{See also Coliforms) 

Enteric pathogens, 666 
(See also Enteric bacteria: Enteric viruses) 

Enteric viruses. 666- 669, 671-674 
assay methods. 683-685 
sensitivity to chlorination, 697-698 
Enterobacter: 

differentiation by IMViC tests, 680-681 
metabolism. 371-372 
Enthalpy. 52 

Entner-Douderoff pathway. 406-408 ,407 
in anaerobic metabolism, 523 
relation to other pathways. 406-408 ,407 
Entropy, 52 

Environment, definition. 2 
Enzymes, 115-133 
classification, 116 

cofactors and prosthetic groups, 129-130 
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Enzymes: 

effect of: inhibitors. 131-133 
pH. 130 

temperature. 130-131 
mechanism of action. 116-123 
reaction kinetics, 123-129 
Equilibrium constant, 310-311 
Erythrose 4-phosphate: 
in biosynthesis. 406, 412 
in Calvin cycle. 409 
in HMP pathway. 401.405 
Escherichia coli: 
citrate utilization test. 384 
differentiation by IMViC tests. 680-681 
in fecal coliform assay. 681 -682 
as indicator of fecal pollution. 671.675-676 
metabolism. 371-372 
Ethanol: 

formation by yeast. 533 

as product of heterolactic fermentation, 530-531 
Ethics, 16-18 
Eucaryotes: 
cell structure. 148- 151 
definition. 147 
Eutrophication. 10. 13.32 
Excess sludge, predictive equation for. 295-296 
Extended aeration activated sludge. 476-487 
control of solids by "hydrolytic assist” in. 483-487 
flow diagram. 476 
and nitrogen utilizaton. 485-486 
response to shock loads, 633 


Fatty acids: 
activation of, 425 

ATP yield from metabolism of. 427-428 
common, 76 
ionization of, 78-82 
isomerism of. 77-78 
metabolism of. 425-428. 550-551 
reactions of carboxyl group in, 78 
reactions of double bond in. 77-78 
Fecal coliform assay, 681-682 
Feedback inhibition. 571.593-596 
and inhibition of autotrophs by organic compounds. 595 
Fermentation: 
balances, 523-528 
sample calculation. 526-528 
cell yield in. 320 
central role of pyruvate in. 529 
efficiency of energy conservation in. 319-320 
electron acceptors in. 317 
major sugar fermentation patterns, 543-548 
of noncarbohydrate substrates, 548-551 
products. 526 

pathways of formation of. 528-543 
use of central catabolic pathways in. 522-523 
Ferredoxin, 324. 330. 333 
Fimbriae. 168 
Fixed-bed reactor: 
aerobic, 38-42 
anaerobic, 560-561 
Flagellum: 
eucaryotic. 151 
procaryotic. 166-168. 167 
Flavoprotein: 
dehydrogenases. 323 


Flavoprotein: 
in electron transport. 323 
oxidases. 323 
Floe size: 
and agitation. 193 
and dissolved oxygen, 192 
Flocculation of microoorganisms. 445-451 
effect of shock loads on. 631. 640 
role of biological polymers in. 448-449 
role of specific growth rate in. 446 
role of substrate concentration in, 446-447 
role of Zoogloea ramigera in. 369. 446 
use of flocculant aids in. 450-451 
Flotation: 
pressure. 36 
in primary treatment, 36 
vacuum. 36 
Food chains. 5-6 
Food poisoning. 372. 376 
Formic acid: 

formation from pyruvate. 532 
and gas production by enterics. 534-535 
Formic hydrogenlyase. 534 
Free energy .310-312 
change. 52 

and equilibrium constant. 310-311 
of hydrolysis. 314 
measurement of change. 310-312 
and redox potential .311-312 
standard change in. 311 
from total oxidation of glucose. 320 
Fructose 1.6-diphosphate. 388. 391.409 
Fructose diphosphate aldolase. 392. 411 
Fructose 6-phosphate: 
in Calvin cycle. 409 
in EMP pathway. 388. 391 
i n H M P pathway .401.405 
Fumarase. 399 
Fumaric acid. 396. 399. 414 
Functional groups of molecules. 68-70 
Fungi. 151-154.363-364 
and bulking sludge, 153-154. 449-450 
and metabolism of cellulose. 420 


AG ( see free energy) 

Gas production in identification of bacteria. 534-535 
Gastrointestinal disease. 372-373. 666-669 
Generation time. 324 
Genetic code. 511-578 

Genetic information, mechanisms of function. 573- 
574 

Genus. 342-343 
Geotrichum candidum. 153- 154 
arthrospores. 153. 154 
in sludge bulking. 154 
Gliding bacteria. 364-365 
Gluconic acid. 407 
Glucose: 

complete oxidation of, 320. 321 
ATP yield from. 322 
fermentation pathways. 531.543-546 
formation in Calvin cycle. 409 
metabolism through EMP pathway. 388 
metabolism through Entner-Douderoff pathway. 407 
metabolism through HMP pathway. 400 
natural occurrence of. 85. 387 
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Glucose: 

products of fermentation, 526 
structure, 91 
Glucose effect. 592 
Glucose 1-phosphate, 390 
Glucose 6-phosphate: 
in Calvin cycle, 409 
in EMPpathway, 388-391 
in Entner-Douderoff pathway. 407 
in heterolactic fermentation. 531 
in HMP pathway, 400-402 
Glucose 6-phosphate dehydrogenase. 402 
Glyceraldehyde 3-phosphate: 
in Calvin cycle, 409 
in EMP pathway, 318, 388, 392 
in Entner-Douderoff pathway, 407-408 
in heterolactic fermentation, 531 
in HMP pathway, 401,404-405 
Glyceraldehyde 3-phosphate dehydrogenase, 392-393 
Glycerol: 

formation in fermentation. 542-543 
formation from lipids, 424-425 
in lipids. 75 

metabolism of, 424-425 
Glycogen: 

phosphorolysis of. 390 
storage in procaryotes, 163. 466-467 
synthesis and degradation of. 467 
Glycolysis [see Embden-Meyerhof-Pamas (EMP) pathway] 
Glyoxylate bypass .4/4-416 
Glyoxylie acid. 414- 415 
Golgi apparatus, 149 

Gram-negative aerobic bacteria. 369-370 

Gram-negative anaerobic rods. 373-374 

Gram-negative cocci, 374 

Gram-negative facultative anaerobes. 370-373 

Gram-positive cocci. 374-375 

Gram staining reaction. 159 

Growth: 

ATP-limited. 320 
balanced. 433-435,571 
in batch system. 210 
methods of measurement, 209-230 
nutritional requirements for, 195-202 
(See also Growth curve: Growth rate: Specific growth rate) 
Growth curve. 230-236 .231 
autodigestive phase. 235 -236 
declining phase. 234 

exponential (logarithmic) phase. 232-234. 233 
lag phase, 231-232 
stationary phase. 234-235 
Growth rate: 

effect of organic growth factors on. 202 

effect of pH on, 183-184 

effect of temperature on. 177-180 .178 

hysteresis in. 625. 643 

specific, 232 

(See also Specific growth rate) 

Growth rate constant (see Specific growth rate) 


Habitat of microorganisms. 176 
Henderson-Hasse I bach equation. 80 
Heterolactic fermentation. 530 -531 
Heterotroph, 344 
definition of, new. 359 

Heterotrophic carbon dioxide fixation. 411-413 


Hexokinase, 389 

Hexose monophosphate (HMP) pathway. 400-406 
in anaerobic metabolism, 523 
cyclic operation of, 401-402 
functions in biosynthesis of, 400, 411-416. 412 
nonoxidative segment, 401, 403-406 
operation as shunt. 406 
oxidative segment, 400, 402-403 
relation to other pathways. 401, 405—407 
HMP pathway [see Hexose monophosphate (HMP) pathway] 
Holdfast, 169 

Homolactic fermentation. 530 
Hydraulic recycle ratio. 272 
practical limits and usual values. 274-275, 285 
Hydraulic shock. 619, 636-638. 649-650 
Hydrocarbons, metabolism of. 430-432 
Hydrogen: 

atomic structure of, 62-64, 63 
gas as fermentation product. 534-535 
interspecies transfer of. in methane formation, 554 
Hydrogen acceptors in fermentation, 547 
Hydrogen bacteria. 356 
Hydrogen bonding: 
in DNA. 140-142. 573-574 
and space structures, 73 
in water, 71-72 
Hydrogen peroxide: 
biological formation of, 189 
as disinfectant, 691 
enzymic decomposition of, 189 
Hydrolytic assist: 

and control of sludge bulking. 484-485 
for extended aeration process. 483-487 
3-Hydroxyacyl-CoA dehydrogenase, 427 
/2-Hydroxybutyryl-CoA: 

in formation of butyric acid. 539 
in synthesis of poly-/3-hydroxy butyrate. 468 
Hypochlorite ion, 694 
Hypochlorous acid. 694 
Hypothesis and theory, 208 
Hysteresis, growth rate. 625, 643 


IMViC tests, 680-681 
Indicator organisms, 671.675-676 
Inducer. 589-591 
Inducible enzymes. 589 
requirements for induction of. 591 
Infectious disease: 
routes of transmission. 655 
waterborne. 666-669 
Infectious hepatitis. 667-668 
Inhibition: 

of enzyme function, 131-133 
feedback. 571.593-596 
of growth by toxic substrates. 648-649 
Initiation complex, 581-582 
Initiation factors, 581-582 
In-line treatment, 25 
Intermediates, use in biosynthesis. 412 
Ionizing radiation. 702 
Iron bacteria. 356 
Iron-sulfur proteins: 

in electron transport. 324 
as high-energy electron carriers. 324 
Irrigation with treated effluent. 673-674 
Isocitrate dehydrogenase. 397 
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Isocitrate lyase, 415 
Isocitric acid: 

in glyoxylate bypass. 414-415 
in TCA cycle, 396-397 

Isopropanol, formation in fermentation. 536-537 


2-Keto-3-deoxy-6-phosphogluconate aldolase, 408 
2-Keto-3-deoxy-6-phosphogluconic acid. 408 
2-Ketogluconate, 407 
a-Ketoglutarate dehydrogenase. 398. 414 
a-Ketoglutaric acid: 
in autotrophic metabolism, 414 
in biosynthesis, 412 
in TCA cycle, 396-398 
2-Keto-6-phosphogluconate, 407 
Kinetic constants: 

evaluation of, 236-252. 269. 297-298 
numerical values for: in aerobic treatment. 239-240, 
249-250 

in anaerobic treatment, 560 
in denitrification, 565 
use in functional design, 296-297 
Kinetic inertia: 

in response of *tto change: in S, 242-248. 624-625 
in temperature. 643 
in response of Y to change in fi, 475 
Kinetic model equations, 282-283 
Kinetics and mechanism, relationship, 208-209 
Krebs cycle [see Tricarboxylic acid (TCA) cycle] 


Lactic acid: 

as fermentation product, 529-532 
formation: by heterolactics. 530 -531 
by homolactics, 530 

Lactic acid fermentation. 525. 530-531. 543 
conservation of energy in. 319-320 
Lactonase, 402 
Lagoon: 
aerated, 42-43 
sludge, 35 

Land disposal of treated effluent and sludge. 672-674 

Leucophytes, 346 

Life-support system, definition. 2 

Lipases, 424—425 

Lipids: 

in anaerobic digestion. 554-555 
classes, 74 
compound, 83-85 
glycolipids, 85 
phospholipids. 83. 84 
effect of temperature on, 180-181 
fatty acids in, 76 
fermentation of. 550-551 
nonsaponifiable, 84, 85 
oxidative metabolism of, 424-428 
role in cell. 424 
simple, 75-83 
and soaps, 81-83 
waxes, 83 
Lithotroph, 344 

Logarithmic (exponential) growth, 232-234. 242-248 
Lysozyme: 

enzyme-substrate complex, 122 
mechanism of action. 118-123 
primary structure, 110 


Lysozyme: 
space model .119 
substrate of. 120-121 


Maintenance (decay) constant, 265-269, 472-476 
values of. 474 

Maintenance energy, 264-271,472-476 
effect on cell yield, 267 
effect on mass balance equations, 266 
measurement of. 269. 297-298 
and net specific growth rate, 267-271 
and specific decay rate, K d , 265, 472-476 
Maintenance plot, 269, 270, 298 
Malate dehydrogenase, 399 
Malate synthase .415 
Malic acid: 

in glyoxylate bypass, 414-415 
in heterotrophic carbon dioxide fixation. 413 
in TCA cycle. 396. 399 
Malic enzyme, 413 

Mass and energy balance, aerobic, 435-445 
Mean cell residence time (0,.). 296 
Mean hydraulic retention time, 252-253 
referred to reactor in recycle system, 720 
Mechanism, relation to kinetics, 208-209 
Membrane: 
cytoplasmic, 149 

and effect of pH on growth, 186-187 
and effect of temperature on growth, 180- 182 
as lipid bilayer, 149 ,150 
nuclear, 148 
plasma, 149 
procaryotic, 160-161 
and transport, 149, 186 
unit. 149 ,150 
Membrane filter method: 
for coliform assay. 681 
for viable cell count. 229 
Mesophile. 178 
Messenger RNA (mRNA): 
function of, in protein synthesis, 577. 581-584 
polycistronic, 578, 585 
Metabolic controls: 

environmental significance of, 596-614 
importance to cell of. 571-573 
mechanisms of, 584-596 
requirements for maximum efficiency, 587 
Metabolic groups of microorganisms, 344 
Metabolic intermediates, release in response to shock. 612- 
613.625.640 
Metabolism. 382-387 
of carbohydrates. 418-421.528-548 
carbon flow in. 383 

and carbon-oxygen cycle, 383. 386, 519 
central pathways of, 387-411.522-523 
control of, 570-573. 584-596 
definition of. 382 
and growth. 432-435 
of hydrocarbons, 430-432 
of lipids. 424-428. 550-551 
of nucleic acids, 428-430. 550 
of proteins. 421-423. 548. 550 
similarity of aerobic and anaerobic. 520-523 
Methane: 

formation by methanogenic bacteria. 553 
microbial interactions in formation of. 554-556 
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Methane: 

and interspecies hydrogen transfer. 554 
production in anaerobic digester. 556-564 
uses of. 562-564 
Methane-oxidizing bacteria. 358 
Methanogenic bacteria, 357-358 
in anaerobic digestion, 553-556 
ATP synthesis in. 330 

Methyl red-Voges Proskauer (MRVP) tests in identification 
of enteric bacteria. 371-372. 535 
Methylotrophs. 358 
Michael is-Menten equation: 
derivation, 126-127 
forms for plotting. 129 
Microaerophile. 188 
Microorganism: 
definition. 146 
groups. 147 

Microscope, use of. in control of biological treatment. 343. 

378 

Mitochondrion, 148 

electron transport components in, 323-324 
enzymes in. 322-323 
Mixed acid fermentation. 525. 535. 544 
and green sheen on EMB-lactose agar. 679 
and methyl red test, 371, 535 
Mixing: 

effects on biological treatment. 192-195 
and floe size. 193 
and oxygen tension. 192 
and separation. 193 
in sludge digestion. 194. 558-559 
Mixotroph, 345 
Monod. J.: 

continuous culture theory of. 253-254 
growth equations of, 242-248 
Monosaccharides: 
chemistry of. 86-92 
derivatives of. 92-93 
mutarotation of. 91-92 
optical activity of. 86-87 
structural formulas of. 88 
Most probable number (MPN): 
assay method for total coliforms, 676-679 
sample calculation. 678a?. 
statistical basis. 678 
MPN (see Most probable number) 

MR VP (methyl red-Voges Proskauer) test, 371-372. 

535 

Mucopeptide in procaryotic cell wall. 157-160. 158 


NAD {.see Nicotinamide adenine dinucleotide; Reduced 
nicotinamide adenine dinucleotide) 

NADHo (see Reduced nicotinamide adenine dinucleotide) 
Net specific growth rate: 
in cell recycle systems. 285-286 
in once-through systems. 265-269 
/V-formylmethionine. 581-583 
Nicotinamide adenine dinucleotide (NAD): 
in electron transport chain. 324. 328-329 
as primary electron acceptor. 316 
redox potential of. 325 
role in coupling reactions, 313 
{See also Reduced nicotinamide adenine dinucleotide) 
Nicotinamide adenine dinucleotide phosphate (NADP): 
in Calvin cycle. 409-411 


Nicotinamide adenine dinucleo tide phosphate (NADP): 
in HMP pathway. 401-402. 406 
in photosynthetic electron transport, 333-334 
in reverse electron transport, 334-335 
role in anabolic reactions. 411 
Nitrate: 

allowable concentrations in water. 338 
in food and water. 338 
in nitrogen cycle, 8-10. 336-339 
removal from effluents. 339. 564-566 
as terminal electron acceptor. 329. 336 
Nitrate reductase. 323. 336 
Nitrification. 9 
in BOD test. 505-507 
and nitrogen cycle. 8-10. 336-339 
and oxygen demand of effluent. 504-505 
in treatment plant. 508-509 
Nitrifying bacteria. 352 

inhibition by organic compounds. 352-353. 595 
Nitrite: 

allowable concentrations in water. 338 
harmful effects. 338 
Nitrogen: 

atomic structure of. 63. 64 
control of effluent concentration of. 339. 464-466 
cycle. 8-10. 336-339 
and eutrophication. 10. 338 
fixation of. 8-10. 199-200. 337 
loss of. in biosorption process, 458, 461 
requirement: for balanced growth. 462-466 
for continuous oxidative assimilation process. 461 
for organic source of. 200- 201 
in relation to growth rate. 463-466 
sources for growth of microorganisms. 198-201 
Nitrogen cycle. 8- 10 
in relation to energy. 336-339 
Nitrogen-deficient wastes, treatment of. by continous oxida¬ 
tive assimilation. 459-462, 460 
Nitrogen fixation. 8- 10. 199-200, 337 
by Azotobacteraceae. 370 
by cyanobacteria. 347 
by Desulfovibrio, 374 
by Enterobacteraceae. 372 
by purple nonsulfur bacteria. 350 
by spore-forming bacteria. 375 
by sulfur bacteria. 348 
Nucleic acids: 

chemistry of. 133-135. 138-143 
metabolism of. 428-430. 550 
(See also Deoxyribonucleic acid; Ribonucleic acid) 
Nucleolus. 148 
Nucleotides: 

as constituents of nucleic acids. 133-135 
as enzyme cofactors. 135-138 
Nucleus. 147-148 
Null-point dilution: 

for determination of viable cell count. 229-230 
and MPN calculation for coliforms. 678 
Nutrients: 

in biological treatment, 203. 462 
carbon source as. 197-198 
energy source as. 202 
nitrogen source as. 198-201.462 
organic growth factors as, 196- 197 
required elements as. 195-196 
requirements for growth .195- 202 
as selective agents. 202-203 
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Operator. 585-586 
Operon. 585-586 
Optical activity: 
of amino acids. 100 
of monosaccharides. 86-87 
Organic growth factors: 
in biological waste treatment. 203 
as requirement for growth. 196-197 
use of. by prototrophs. 201-202 
Organic matter: 
general nature of. 52 
measurement of. 53-55 
Organotroph. 344 

Overproduction of biosynthetic products. 571-572 
Oxalacetic acid: 
in biosynthesis, 412 

in heterotrophic carbon dioxide fixation. 413—414 
in TCA cycle. 396. 399 
Oxidases. 323 
Oxidation. 56. 316 

(See also Biochemical oxygen demand: Chemical oxygen 
demand) 

Oxidation pond. 42-43 
Oxidation-reduction state: 
calculation for organic compounds. 524 
in fermentation balance. 527 
Oxidative assimilation. 331.451-466 
in biosorption process. 458 
definition. 451 

in high solids growth systems. 456-457 
in nonproliferating systems. 451-455 
process for treatment of nitrogen-deficient wastes. 459-461 
as response to quantitative shock load. 629-631 
Oxidative phosphorylation: 

in anaerobic metabolism. 329-330. 519-520 
efficiency of energy conservation in. 325 
as mechanism of ATP formation. 321-331 
P/O ratio in. 325-326 
Oxygen: 

atomic structure of. 63. 64 
effect on growth. 188-195 
as selective agent. 190 
tension. 190-192 
toxic effects of. 188-189 
use by aerobes. 188 
Oxygen demand: 
chemical (COD). 54 
as measure of organic matter. 53-55 
total (TOD). 55 

(see also Biochemical oxygen demand: Chemical oxyge 
demand) 

Oxygen uptake, measurement of. 214-225 

from DO profile in open reactor. 217-223. 441-445 
manometrically. in Warburg respirometer. 223-225. 
439-441 

in standard 5-day BOD test. 216-217 
Ozone: 

kinetics of killing. 700 
use in disinfection. 698-699 


Pathogenic microorganisms, enteric. 666 
assay methods for. 674-685 
removal by sewage treatment. 670-673 
routes of transmission of. 655 
survival of. in environment, 673-674 
Pellicle, protozoan. 150 


Pentachlorophenol: 
development of tolerance to. 651 
shock-load effects. 651-652 
Pentose phosphate pathway (see Hexose monophosphate 
pathway) 

Pentoses: 

aerobic metabolism of. 420-421 
fermentation of. 530. 547 
Peptidases. 421 
Peptide bond. 101.582 
Peptides, transport into cell. 421 
Peptidoglycan in procaryotic cell wall, 157- 160. 158 
Peptidyltransferase. 582 
Permease. 589 
Peroxidase. 189 
pH: 

and biological waste treatment. 185-186 
and buffering action. 80-81 
calculation of. 79 

change due to microbial activity. 184-185 
control of. 185 

effect on disinfection, 689-690 
effect on reactions of chlorine. 694 
optimum. 183 

range allowing growth. 183-184 
as selective agent. 187- 188 
and transport. 186- 187 
pH shock. 619-620. 638-642 
ecological response to. 640. 642 
effect of biomass concentration on. 640-641 
Phenol as inhibitory substrate, 648- 649 
Phosphatase in Calvin cycle. 411 
Phosphate transfer potential .314.317 
Phosphodiester bond: 
formation of. 575 
hydrolysis of. 428 .429 

Phosphoenolpyruvate carboxykinase. 413, 416 
Phosphoenolpyruvate carboxylase. 413 
Phosphoenolpyruvate carboxytransphosphorylase. 413 
Phosphoenolpyruvic acid: 
in biosynthesis. 412 

in heterotrophic carbon dioxide fixation. 413 
in EMPpathway, 319. 388. 394 
in transport of sugars. 390-391 
6-Phosphofructokinase. 391 
Phosphoglucomutase, 390 
Phosphogluconate dehydratase, 408 
6-Phosphogluconate dehydrogenase. 403 
Phosphogluconate pathway [see Hexose monophosphate 
(HMP) pathway] 

6-Phosphogluconic acid: 
in Entner-Douderoff pathway. 407-408 
in heterolactic fermentation. 531 
in HMP pathway. 400. 403 
6- Phosphog 1 u cono 1 actone: 

in Entner-Douderoff pathway. 407 
in HMP pathway. 400. 402-403 
Phosphoglycerate kinase. 393 

2- Phosphoglyceric acid. 319. 388. 393-394 

3- Phosphoglyceric acid: 
in biosynthesis. 412 

in Calvin cycle. 409-411 
in EMP pathway. 318. 388, 393 
Phosphoglyceromutase. 393 
Phosphoketolase pathway. 530-531 
Phospholipases, 425 
Phosphoribulokinase, 410 
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Phosphorolysis of glycogen. 389. 390 
Phosphorus: 

atomic structure of. 63. 64 
biological removal from wastes of. 468-471 
cycle. 12-13 
and eutrophication, 13 
luxury uptake of. 470-471 
removal by chemical precipitation. 468-469. 471 — 
472 

storage as polyphosphate (volutin). 163. 468-471 
Phosphorylase, 389 

Phosphorylation of ADP. mechanisms of. 315-334 
Phosphotransferase transport system. 390-391 
Photoautotrophy, 345-349 
Photoheterotrophy, 350-351 
Photolithotrophy, 345-349 
Photoorganotrophy, 350-351 
Photophosphorylation: 
in anaerobic metabolism. 520 
anoxygenic, 332 
cyclic, 332-334 
noncyclic, 332-334 
oxygenic. 332 
Photoreactivation, 702 
Photosynthesis: 

ATP formation in. 332-334 
and carbon-oxygen cycle, 4. 7. 308-309 
electron donors in, 332 
pigments in. 332 
Photosynthetic bacteria. 346-J5/ 
assimilation of organic compounds by, 348 
electron donors for, 346, 348. 350 
gas vesicles in. 349 
habitats of. 348-349 
pigments of. 347 
Photosystem. 332-334 
Phototroph. 344. 345 -351 
Pili. 168 

Plug flow. 255-257 .256 
Poisson distribution in coliform assay, 678 
Polarity of molecules. 66 
Poliomyelitis. 668 

Polyelectrolytes as flocculating agents, 450-451 
Poly-/3-hydroxybutyrate: 
and flocculation, 448 
granules in procaryotes. 163, J64 
synthesis and degradation of. 467-468 
Polyphosphate (volutin): 
in removal of phosphorus from wastes. 468-471 
structures. 469 

synthesis and degradation of. 470 
Polysaccharides: 

metabolism of. 418-421,521-522 
cooperative attack by bacteria. 420. 482 
structure and occurrence of: cellulose, 97-98 
glycogen, 97 
starch. 96-91 

Polysome (polyribosome), 584 
Pour plate for viable cell count. 229 
Presumptive test for total coliforms. 676-679 
Primary treatment. 26, 36-37 
Procaryotes: 
definition. 147 

essential cellular components in, 157 
storage products in, 163. 466-472 
structure of, 156-169 
Promoter, 577, 585-586 


Propionic acid: 
in anaerobic digester. 542 
formation by Propionibacterium. 540-541 
Prosthecate bacteria. 168. 169, 367 
Protein: 
allosteric. 594 

buffering action in waste treatment. 106-108 
chemistry of. 99-133 
conjugated proteins, 100 
simple proteins. 99-100 
control of synthesis of. 584-587 
denaturation of. 114 
effect of pH on. 130. 186-187 
effect of temperature on. 181-182 
enzymes. 115—133 
fermentation of. 548-550 
importance in cell of. 573 
measurement of. 115 
metabolism of. 421-423. 548-550 
primary structure of. 108- 109 
quaternary structure of. 111-114 
rate of synthesis of. 584 
secondary structure of. 109-1 11 
synthesis of. 577-584 
tertiary structure of. Ill 
Proteinases. 421 
Proteolytic enzymes, 421.548 
Protists. 147 
Prototroph. 360-362 
growth requirements of. 197 

use of organic growth factors by. 201-202, 361-362 
Protozoa: 

diseases caused by. 156 
in food chain. 156 
metabolism in. 362-363 
role in BOD exertion of, 493-495 ,494 
Psychrophile, 178-179 
Psychrotroph. 178 

Public Law 92-500. 18-20, 37. 669, 672 
Purines: 

aerobic degradation of, 430 
fermentation of. 550 
Purple nonsulfur bacteria. 350-351 
Pyrimidines: 

aerobic degradation of. 430 
fermentation of. 550 
Pyruvate carboxylase. 413 
Pyruvate dehydrogenase. 395 
Pyruvate kinase. 394 
Pyruvic acid: 

in biosynthesis. 412 
decarboxylation reactions of. 532-533 
in EMP pathway. 319. 388, 394-395 
in Entner-Douderoff pathway. 407-408 
in fermentation of sugars. 528-529 
in heterolactic fermentation. 531 
in heterotrophic carbon dioxide fixation, 413 

Qualitative shock loads. 599-614. 619 
and catabolite inhibition, 606-607 
and release of metabolic intermediates, 609, 

612-614 

and repression of enzyme synthesis, 605-606 
and sequential substrate removal, 605-614 
(See also Sequential substrate utilization) 

Quantitative shock load. 619, 621-636 
effect of biomass concentration in, 633 
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Quantitative shock load: 
effect of specific growth rate in. 628-629 
guidelines for. 633 

and options for design and operation. 633-634 
prediction of transient in response to. 624-626 
secondary response to. 626 
Quinones in electron transport. 323 

Random shock loading. 620 
Reaeration rate: 
constant, 218 

effect of biomass concentration on. 444 
effect of salts on. 443-444 
measurement of, 217 -2/9 
{See also Dissolved oxygen, profile) 

Recycle cell concentration factor (c). 272 
as control parameter for cell recycle system. 272-280. 
282-283 

practical values of, 274. 285 
Recycle ratio, a. practical values of. 274-275. 285 
Recycle sludge (cell) concentration. X H , 272 

as control parameter for cel! recycle system. 281-286 
effect on response to qualitative shock load. 609. 611 
practical values of. 275. 285 
'Red tide.” 154 
Redox potential: 
of biological system. 325 
difference required for ATP synthesis. 322 
and equilibrium constant. 312 
and free energy change .312 

Reduced nicotinamide adenine dinucleotide (NADH.»). impor¬ 
tance of reoxidation of. 316. 326. 387. 394. 523-524. 
529. 545. 547-548 
Reduction, definition of. 56 
Reductive pentose cycle. 409 -411 
Regulator gene. 585-588 
Release factors. 582 
Replication of DN A. 574-575 
Repression: 

catabolite. 592-593. 604-605 
of enzyme synthesis. 571. 584-589 
Repressor and control: of biosynthesis. 588-589 
of catabolic pathway. 589-591 
of protein synthesis. 585-586 
Residual COD and BOD. 497-504 
{see also Chemical oxygen demand: Effluent from waste 
treatment) 

Respiration rate, effect of oxygen tension on. 191 
Respirometer. Warburg. 223-225. 224 
use in aerobic balances. 439-441 
Rho factor, function in transcription. 577 
Ribonuclease. 428 .429. 584 
Ribonucleic acid: 
function in protein synthesis. 577 
synthesis of. 575-577. 576 
types. 143 
Ribose 5-phosphate: 
in Calvin cycle. 409 
in HMP pathway, 401.404 
in synthesis of nucleotides. 406. 412 
Ribose 5-phosphate isomerase. 403 
Ribosomal RNA (r RNA). 577 
Ribosome: 

aminoacyl site on. 582. 583 
in eucaryotic cells, 148 
function in protein synthesis. 582-584 
peptidyl site on. 582. 583 


Ribosome: 

and polyribosome (polysome). 584 
in procaryotic cells. 161 
translocation of. 582-583 
Ribulose 1.5-diphosphate. 409-410 
Ribulose-diphosphate carboxylase. 410 
Ribulose 5-phosphate: 
in Calvin cycle. 409-410 
in heteroiactic fermentation. 531 
in HMP pathway. 400-401.403-404 
Ribulose 5-phosphate 3-epimerase. 404 
Rising sludge. 339 
RNA {see Ribonucleic acid) 

RNA polymerase. DNA-dependent. 575. 585. 591-593 


Sanitation and enteric disease organisms. 372-373 
Saponification of lipids. 82 
Sarcomastigophora. 156 
Saturation constant: 

for dissolved oxygen (C,). 218 
for substrate. K s , 243 
range for heterogeneous populations. 249 
Secondary' treatment. 26. 37-43 
biological processes. 38-43 
chemical-physical processes. 37-38 
{See also Activated sludge process) 

Sedoheptulose 1. 7-diphosphate. 409 
Sedoheptulose 7-phosphate: 
in Calvin cycle. 409 
in HMP pathway. 401.404- 405 
Selective factors in microbial habitats: 
nutrients. 195-203 
oxygen. 188-195 
pH. 183-188 
temperature. 177- 183 
Sequential substrate utilization: 
in batch system. 603-605 
in BOD bottle. 605 
during hydraulic shock. 61 1-612 
effect of cell age on. 606 
effect of di lution rate on. 609.611-613 
effect of growth-limiting nutrient on. 609 
effect of recycle sludge concentration on. 609. 611 
Settling tank: 
primary. 36 
secondary'. 41 
Sheath, bacterial. 169 
Sheathed bacteria. 356. 365-367 .366 
and bulking sludge. 365 
Shock loads: 

delayed response to. 626 
ecological response to. 626 
mode and rate of administration of. 620 
continuous. 620 
cyclical. 620. 635-636 
random. 620 

step-down. 620. 630. 632 
step-up. 620. 622-635 
successful response to. 621-622 
types of. 619-620 
hydraulic. 619. 636-638 
pH. 619-620. 638-642 
qualitative, 599-614. 619 
quantitative. 619. 621-636 
temperature. 620. 642-646 
toxic. 620. 646-658 
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Sigma factor: 
function of. 575. 577 
as subunit of RN A polymerase. 575 
Sludge: 

aerobic digestion of, 30. 43-44. 286 

anaerobic digestion of, 30. 44. 551-564 

disposal on land or water. 44. 672—674 

incineration of. 44. 562 

prediction of excess. 295-296 

from primary clarifier, 36 

from secondary treatment. 38-41.295-296 

treatment and disposal of. 43-45 

from water treatment. 34-35 

(See also Activated sludge process: Bulking sludge: Rising 
sludge) 

Sludge age (0 r ). 296 
Sludge yield (see Cell yield) 

Soaps, cleansing action of. 82-53 
Sociotechnological decisions. 15-16, 657-661 
chlorination. 693-694 
Public Law 92-500, 18-20, 37, 669, 672 
Sodium chloride: 
effect on sludge yield. 656-657 
as shock load in biological treatment. 655-658 
Solvent fermentation. 538. 546 
South Tahoe treatment plant. 47 
Specialist procaryotes. 358 
Species. 342 

Specific decay rate (&,/), 265-269, 472-476 
Specific growth rate (p.): 
in cell recycle system. 274-275. 278. 285-286 
effect of substrate concentration on, 240-252 
maximum, for heterogeneous populations. 249 
negative, in aerobic sludge digestion. 286 
net, 267-269. 285-286^ 
in once-through continuous flow. 254 
Specific substrate utilization rate (U). 269 
Spectrum of electromagnetic wave energy, 701 
Sphaerotilus and bulking sludge. 365 
Spiral bacteria. 368 
Spirochetes. 367-368 
Spore-forming bacteria. 375-376 
Spores: 

bacterial. 165. 166 
fungal, 151-/52 
Sporozoa. 156 

Spot plate method for viable cell count. 229 
Spread plate method for viable cell count, 229 
Stabilization basin. 42-43 
Steady state: 
definition. 253-254 
in heterogeneous populations, 262 -264 
Step-down shock load. 620. 630. 632 
Step-up shock load. 620. 622-635 
Sterilization. 685-686 

Stickiand reaction in fermentation of amino acids. 549-550 
Storage products. 163. 466-472 
glycogen. 163, 347. 467 

poly-/3-hydroxybutyrate. 163. 164. 348.467-468 
polyphosphate. 163. 348.468-471 
sulfur. 163. 165. 348. 354-355 
Stripping of organic compounds. 436 
Substrate: 

concentration, S. 719 
and cell yield. 236-240 

in recycle system. 272-278. 281-286. 282-283 
and specific growth rate. 240-252 


Substrate: 

concentration: 

in steady-state continuous flow system. 258-266. 27/ 
in effluent: nature of. 497-504 
in relation to influent concentration. 286-290 
sequential utilization of. 605-614 
specific utilization rate. 269 
usable (COD). 210-214 
Substrate level phosphorylation. 315. 317-320 
in anaerobic metabolism, 520 
in EMP pathway, 387. 393 
in TCA cycle. 398 

Substrate removal phase in batch system. 209. 210 
Succinate dehydrogenase. 398 
Succinic acid: 

inglyoxylate bypass. 414-415 
as product of fermentation. 541-542 
in TCA cycle. 396. 398-399 
Succinyl-CoA: 
in biosynthesis. 412 
in TCA cycle. 396, 398 
Succinyl-CoA synthetase. 398 
Sugars, fermentation of, 528-548 
Sulfate: 

role in sulfur cycle. 330 
as terminal electron acceptor. 330 
Sulfate-reducing bacteria. 330 
and metal corrosion, 330 
Sulfur: 

atomic structure of. 63. 64 
cycle. 10-12, 330 

formation and accumulation by bacteria, 163, 165, 348. 

354-355 
Sulfur bacteria: 
colorless, 353-356 
green. 347-349 
purple. 347-349 
Superoxide: 
dismutase. 189 
formation of. 189 
Suspended solids: 

concentration in cell recycle systems, 272, 282 -283, 286 
concentration in once-through reactor. 258-264, 27/ 
in effluent from biological treatment, 273, 498-504 
measurement of. 225-230 
in relation to substrate concentration. 236-240 
Swiss cheese and propionic acid fermentation. 540-541 


Taxonomy. 342-343, 377-378 
TCA cycle [see Tricarboxylic acid (TCA) cycle] 
Teichoic acids. 159 
Temperature: 
cardinal, 177 

classification of microorganisms based on. 178 
effect on disinfection. 690 
effect on growth rate, 178 
effect on lipids, 180-181 
effect on proteins, 130-131, 181-182 
effect on specific decay rate, k d , 473-474 
maximum for growth, 179 
and membrane function. 180-182 
optimum. 177 ,178 
as selective agent. 182-183 
shock. 620. 642-646 
and specific growth rate. 643-646 
Tertiary treatment. 26-27, 45-47 
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Thermodynamics: 
and kinetics. 311 
laws of. 309-310 
Thermophile, 178-179 
Thiolase. 427 
Thiolester: 
bond. 397-398 
in fatty acid metabolism. 425 
Thymine dimer. 702 
TOC (see Total organic carbon) 

TOD (see Total oxygen demand) 

Total organic carbon (TOC): 
calculation of. 57 
determination of. 55 

ATOD as measure of usable substrate. 211 
Total oxidation (see Extended aeration activated sludge) 
Total oxygen demand (TOD): 
calculated (theoretical). 58 
determination of. 55 

ATOD as measure of usable substrate. 211 
Toxic shock loads, 620. 646-658 
of cyanide, 653-655 

and guidelines for design and opertion. 649-652, 658-661 

inorganic. 653-658 

organic. 647-653 

of pentachlorophenol. 651 

of phenol. 648-650 

of sodium chloride. 655-658 

tolerance by acclimated population. 648. 650-651.653- 
655 

use as substrate. 648-650 
kinetic constants for. 649 
Transaldolase. 405 
Transamination. 198.201 
Transcription. 575-577 
control of, 584-593 
Transfer RNA (tRNA): 
function in protein synthesis. 577-583 
structure. 579 

Transient stage, 621.625-626. 643 
Transketolase. 404 
Translation. 577-584 
Transport: 

chemiosmotic model. 186 
and pH. 186-187 

by phosphotransferase system. 390-391 
proteins. 589 
Treatability study: 
batch reactor setup for. 441 
and determination of kinetic constants. 296-297 
use of mass and energy balance in. 435-445 
Treatment of wastewater, processes used. 25-27. 35-47 
Tricarboxylic acid (TCA) cycle. 395-400. 396 
in anaerobic metabolism. 523 
in autotrophs. 413-414 
in growth on 2-carbon compounds. 414-416 
relation to biosynthesis. 411-416. 412 
relation toglyoxylate bypass. 414—416 
summary of reactions. 399 
Trickling filter. 38-42.39 
kinetic models. 435/1. 

Triosephosphate isomerase. 392 
Typhoid fever. 372. 666-667. 669 


Ubiquinone. 323-324 

Ultraviolet (UV) light in disinfection. 701-703 

Vacuole. 148-149 
contractile. 151 

gas. in flotation of cyanobacteria. 347 
Valine, inhibition of growth by. 595 
Vesicles: 

carboxysome. 165 
Chlorobium, 164 
gas. 163-164. 349 
Viable population: 
by colony count. 229 
by null-point dilution. 229-230. 678 
Viruses: 

and cells, differences. 171 
classification of. 172 
enteric. 666- 669. 671-674. 683-685 
nucleic acids in. 171 
structure of. 171 
Voges-Proskauer test. 372. 535 
Volatile acids. 75-77 

Volatile solids as measure of organic matter. 53 
Volutin (see Polyphosphate) 

Warburg apparatus in measurement of oxygen uptake. 223- 
225 .224. 439-441 
Wastewater: 

collection system. 24-25 
treatment processes. 25-27. 35-47 
Water: 

assays for enteric viruses in. 683-685 
bacteriological assay methods for. 674-683 
cycle. 2-4 

disinfection of. 33-34. 685-703 
and health. 664- 665 
quality standards. 675. 683 
removal of inorganic ions from. 29. 31-32 
removal of turbidity from. 29. 32 
reuse and disease. 669-674. 693-694 
softening. 29. 31-32 
tastes and odors in. 33. 346-347. 377 
treatment processes. 29. 31-35 
Waterborne disease. 666-669 
Waxes. 83 

Xylulose 5-phosphate: 
in Calvin cycle. 409 
in heterolactic fermentation. 531 
in H MP pathway. 401.404-406 

Yield, cell growth. 61 

based on ATP produced. 320 
based on substrate used. 236-240 
(Seealso Cell yield) 

Zero discharge. 18- 19. 501.659 
Zoogloea rami i'era: 

metabolism of capsular polysaccharide of. 420. 482 
role in flocculation of sludge. 369. 446. 448 



